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PREFACE. 



The important question whether, in discnsring the oonstitirtion * , 

of matter, the atom or the molecule should be first considered, 

is one regarding which there has been considerable diflferenoe of / 

opinion among chemists. 

Formerly, few would have disputed the daim of the atom to 

prior consideration. Not only did Dalton's atomic hypothesis 

precede Avogadro's molecular hypothesis in order of time, but 

this chronological order seemed also to be the lutural oider, 

involving, as it did, only the usual transition from the simpler to^ 

the more complex conception. , 

But the history of the science shows that, eixmnous as 

were the services which Dalton's atomic hjrpothesis rendered to 

chemistry, the chief object of that hjrpothesis— the determination 

of a set of consistent atomic weights — remained for a long time 

merely a pious hope. Avogadn/s rule supplied a means of 

determining the molecular weights of substances, and, from these 

molecular weights, of ascertaining which of several possible 

atomic weights of a contained element was the correct one. 

Until this step had been taken, the marvellous devdopments of 

theoretical chembtry which have characterised the last fifty yean 

would have been impossible 

In the study of the constitution of matter, therefore, we are 

compelled, by the very nature of the particular problems of 

scientific measurement and calculation involved, to reverse what 

is apparently the natural order of things and to proceed from the 

j, more complex to the simpler— from highly complex olgects of 

r*'' sense to successively simpler and simpler conceptual structures 

1 r underlying these. Thus the order of quantitative determination 

ri\ is :— (i) relative weights of comparable amounts fAmsiier m Mk 

, v: (gaseous or dissolved) ; (s) relative weights of maleailtg; (3) rdative 

wdghu of afpms; and (4), if subsequent experiment should justify 

the most recent speculations, mass of iUctrtm. 

;;^ The view here stated as to the true ratiodnative order of 

precedence of the molecular and atomic hypotheses has been 

hdd by various chemists 1 but I have nowhere dse seen it* 

« expounded with such wealth of illustratioQ and with so exhaustive 

a knowledge of the fundamental literature of the subject, as ia 

;, the present monograph 1^ Dr. Meldrum. 

IhJMOM R. Jarr^ 
Urnvtumr or Abudibi^ 

yolk S^mhr^ 1904. 
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The Standing in Chemistry of 
. Avogadro's Hypothesis* 



CHAPTER L 
INTRODUCTION. 

TrufM 9H thue smbjuh is militttni Mttd tan 0Hfy istmUish itu^ fy 
muuu 0/ €§m/liet,^, S. MiLU 

At the outset of this essay, it is well to state an axiom 
which is much used in the course of the argument It is 
assumed that there is an essential distinction between what 
are known on the one hand as laws and on the other hand as 
hypotheses. A hypothesis is the creation of the mind, and is 
of service in interpreting a law. There is good ground for 
the belief that in science the recognition of this distinction 
between law and hypothesis is an indispensable condition of 
clear thinking. 

The distinction has been insisted on by Faraday. His 
words are t — " It is always safe and philosophic to distinguish, 
as much as is in our power, fact from theory; the experi- 
ence* of past ages is sufficient to show us the wisdom of such 
a course ; and considering the constant tendency of the mind 
to rest on an assumption, and, when it answers every present 
purpose, to forget that it is an assumption, we ought to 
remember that it, in such cases, becomes a prejudice, and 
inevitably interferes, more or less, with a dear-sighted judg- 
ment I cannot doubt but that he who, as a wise philosopher, 
has most power of penetrating the seaets of nature, and 
guessing by hypothesis at her mode of working, will also be 
most careful, for his own safe progress and that of othen^ to 
distinguish diat knowledge which consists of assumption, by 
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wfaidi I mean theory vkakyj^i^^^ from that which it the : ^ 
knowledge of facts and IxiirkitMtt raising the former to the 
dignity or audiority of the latter, nor confusing the latter more 
than is inevitable with the f ormer.'^ ^ 

Very recently Richards^ his views on a question of the day ^ 
having been much misunderstood, had occasion to emphasise 
the distinction. He refers to a question the discussion 
of whidi, * as of so many scientific question^ has been mudi 
confused by the inabiHty of many writers to distinguish - 
between fact and hypothesis . . . Facts are determined 
by observation and experiment, and their truth depends only 
upon the accuracy of the observation and experiment Their 
discovery is a lasting addition to the knowledge of mankind 
On the other hand, hypotheses are attempts to interpret the \ 
facts; and many hypotheses^ from their very luiture, can never J 
beproved.'^' 

Obvious as this distinction may seem, it is necessary to lay 
emphasis on it here, in view qf the persistence with which 
certain diemists use the term Avbgadro's law, instead of 
"Avogadro's hypothesis. In this essay, Avogadro*s hypothesis 
is regarded as an interpretation put upon Gay-Lussac's law. ' 
The law, unlike the hypothesis, is matter of fac^ and must 
remain so, even should the hypodieses which are made to 
»pla& it be multiplied. 

Sdenoe is coming more and more into use in education. • 
So used, one of the benefits of science is understood to be that - 
' it inculcates logical ways of linking. 

* What a retrospect," says Gibbon, "is it to a genius truly 
^ philosophical to find true consequences falsely 

deduced from the most erroneous xirindples.ll. As a training 
in thinking, the study of experimental science presents one 
risk: logie is one tUnjg, and experiment is another. The 
chemist habitually examines how^ far his conclusions square 
with the fact% and as to the f acts» Heed not go very far wrong.^ 
. Neverdidess,* true consequences may be falsdy deduced from 
the most erroneous prindples." The condusions squaring 

> CipMfaMBtel RmifchM in EleetricU/, foL II., 1844, p. SS5. 

CiH., SS, 69^ * ' 
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with the facts, it does not follow that the logic which yields 
the conclusions is sound. 

To show that the logic of chemistry is not always sounds 
it is sufficient to consider the treatment, in many of the books 
on chemistry, of the subjects of molecular-weight and atomic- 
weight determination. The connection between the several 
molecular-weight methods and the definition of the molecule 
is left in obscurity. How different is the treatment in physics 
of the subject of specific-gravity, for instance! Specific- 
gravity having been defined, some effort is made to show that 
the several specific-gravity methods are in accordance with the 
. definition. On the other hand, the molecular-weight method^ 
are stated in sudi a way as to leave on the student's mind the 
impression that each of these methods stands on its own 
footing, and is independent of the definition of the molecule. 
The treatment of the subject of atomic-weight methods is 
similar; the books give the impression that the different 
atomic-weight methods have no coimection that can be shown 
with one another, or with the definition of atomic-weight, and 
that they yield concordant results for all that 

The " Theoretical Chemistry " of Nemst is written, as the 
title-page states, " from the standpoint of Avogadro's Rule and 
Thermod3niamics'' The subject of Thermodynamics may 
be regarded as non-hypothetioJ, since it consists essentially 
of a development by tiie aid of mathematics and dynamics of 
the two fundamental laws of Thermodynamics, and makes no 
assumption as to the continuity or discontinuity of matter. 
The theoretical basis of Nemst's system of chemistiy is 
Avogadro's hypothesis. 

Nemst's. book is a comprehensive one, suTtable for the 
student of research. It goes as far as the debatable ground 
between the known and tiie unknown. It was doubtless 
foreign to Nemst's purpose to expatiate on the rudiments of 
chemistry. There is reason to believe that it would be of 
interest, and even of value, to trace the development, in logical 
order, of the cardinal doctrines of "chemistry on the basis of 
Avogadro's hypothesis. 

The standing of Avogadro's hypothesis in chemistiy is 
still an open question. Starange as this may seem, it can 
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12. Standing in Ckimktfy of Avogadro^s HypothuU. 

easily be ooade manifest by referenoe to the literature of 
chemistry. For instance, I quote the verdicts on this 
question of Cooke and Divers. 

Cooke states that in writing "The New Chemistry** he 
made it his object "to present the modem theories of-^ 
chemistry," and " to give to ^ philosophy of the science a 
logical consistency, by resting%|on the law of Avogadro." ^ 

DiverSk as President of the Chemical Section of the British 
Association in 1902, took a very different view from Cooke. 
The credit given to Avogadro by Codec, is given by Divers to 
Daltoo. In the Presidential Address, Divers had occasion 
" to restate and examine most of the fundamental and familiar 
principles of our sdence." * Accordingly, Divers expounds 
" the theory of chemistry, which, with all its modem devdop- 
ments^ I take to be indisputably the theory of Daltoa"' 
Again, "the theory of chemical molecules was brought to 
light not by Avogadro's hypothesis,* he says, 

* but in the first [dace by Dalton's atomic theory and Gay- 
Lussac^s law . • . ; and then, ;mudi more fully in the 
middle of the last century, through the. brilliant work of .. 
Gerhardt, Williamson, Laurent, Odling, Wurtz, and others, in . { 
the purdy chemical field."* Apparently, in Divers' judg- 
ment, the historical importance of Avogadro's hypothesis is 
slight* 

Not oidy sOfe but speaking of the same hypothesis. Divers 
says, "unfortunatdy it does not hold good in the case of not a 
few simple substances."* 

True, chemical theory did not stand still in the interval 
between 1873, 'vhen Cooke was writing, and 1^2, the date of ' 
Divers' address. There was in the interval development and ^^ 
expanskm of the old ideas ; but nobody maintains that there 
has been, since 1870^ a revolution in chemical ideas. It is 
impossible to maintain that this contradiction between Cooke 
and Divers is significant of some change^ amounting to an ' 
upheaval, in chemical theory. \ \ 

If a sound method for the advancement of a science con- 
sists in "constant recurrence to first principles^" in what a 

' > C %t k », fb J, *Dhftnbp.s. ' Loe. eit, p. 3. ^ Loc cit, pi, 8. 
< . * Locb dt, p. IS. 
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position of difficulty and en^arrassment are the devotees of 
chemistry placed In regard to first prindplesi here aie the 
high-priests of chemistry giving decisions which, to use plain 
language^ are in flat contradiction to one another. 

Controversy is not always a bad thing. Subjects there 
are on which " truth is miHtaxit, and can only establish itself by 
means of conflict" Surely chemists would do well to make 
up their minds about first principles^ and to make their reasons 
loiown, even at the risk of raising controversy. 

No further explanation can be given for 4he attempt in the 
following essay to consider the questions of the standing in 
chemistry first of Avogadro's hypothesis, and afterwards of 
Dalton's atomic theory. Reasons wfll be given later for 
taking the questions in this order. 

Avogadro's hypothesis is the subject of the first part of 
this essay. After consideration of the hypothesis as socfa^ it 
is taken as a starting-point, from which to devdop^ as VofpaSHf 
as may be, the ideas such as molecular-wdght, atomio-)fei|^ 
valency, radicals^ etc, which are second nature to the chrmht. 
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CHAPTER II. 

THE RELATION OF THE HYPOTHESIS TO 

GA Y-LUSSACS LAW. 

SkM wttprtimt tf mittd tmsitit J§r ik* m§tt p0ft 0t difirmiuUim, im 
iki rmhiiim tf tm theun mid €9mpkx ^kfut i$U§ its emuprntrnt 
mtfteit, a it mrtfy tki th^idai tf Inm /# tm^mn tkinit wktek right 
rtmm km fmi mfumkr^^^VATMA, 

Gay-Lussac's ''Memoir on the Combination of Gaseous 
Substances with eadi other " was read in 1808 and issued in 
print in i8og. The Subject of this paper is what is known as 
Gay-Lussac's law. The law is 1 " Not only do gases combine 
in very simple proportions" by volume, "but the apparent 
contraction of volume which they experience on combination 
has also a simple relation to the volume of the gases, or at 
least to that of one of them." ^ 

Rich in experimental discoveriies, Gay-Lussac's memoir is 
comparatively destitute of speculations and hypotheses. Ber- 
idius remarks on this: "M. Gay-Lussac was satisfied with 
having determined the ratios in which gaseous substances 
combine, but he made no wider application of thisf discovery." * 

'In 181 1, on consideration of this law, Avogadro published 
his hypothesis, namely, " That the number of (integral) mole- 
coles in any gases is always the same for equal volumes, or 
always proportional to the volumes." ' 

It is surprising that Gay-Lussac did not himself anticipate 
Avogadra The reason why can only be guessed at With 
tome men of science, with Dalton, for instance, the faculty of 
speculation is predominant ; with others, with Bunsen, for 
' instance, the ruling passion is the making of experiments. It 
may be that Gay-Lussac resembled Bunsea But whatever 
the explanation, a division of labour there was between Gayr 
Lossac and Avogadro. Stronger witness there could hardly 
be to the distinction between law and hypotiiesis» than the 

>A.CR., 1^15- 

• ** IC Gigr-LMMC M eoDtenlft d* avoir d^mdnlf^ lei npportt dint laqvelt' 
M tm Mnmt 1m w U Im i cm cu^ifccmtt, •'••.. mtit tt ne Sc point 
df ap filci t faa plot fte^ndo do oiCto d^coavcrto.**— EmJ, iSi% p. 14. 
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enunciation of a law in 1808 by Gay-Lussac^ and the enuncia- 
tion of a hypothesis, by way of explanation of the law, in 181 1 
by Avogadra^ 

Plain as is the above distinction between Gay*Luisac^s 
teadiing and Avogadro's, all the nx>xe surprising is the amount 
of established error on the subject in the books, and the extent 
to which the distinction has been ignored by men of sdenoe. 
Error has arisen in three several ways. 

In the first place, the assertion is made that the object of 
Avogadro's hypothesis was other than the interpcetatioti of 
Gay-Lussac's law. One of the traditions of chemistry is that 
Avogadro formed his hypothesis on contem(^tion of the . 
physical properties of gases and as an interpretation of these 
fxoperties. Among the authorities who maintain and diffuse 
this tradition is the great Encyclopaedia Britannica. "In 
181 1, Avogadro^ remarking that equal variations of ten4>eKa- 
ture and pressure produce in all gases and vapours the same 
change of volume^ enunciated the hypothesis that equal 
volumes of any gas or vapour contain the same number of 
atoms" ' 

According to this account of the genesis of the hypothesis, 
the physical properties of gases, t^^ Boyle's law and Chark^' 
law, formed the main consideration' with Avogadro^ so that 
Gay-Lussac^s law was at most a minor consideration, if it was 
considered at all This account is in no way confirmed by a 
scrutiny of Avogadro's paper; the contrary is evidently the 
lease, that what suggested the hypothesis to Avogadro was 
Gay-Lussac's law. What Avogadro had in view when he 
formulated his hypothesis, what he refers to at the outset of 
his paper and takes into consideration throughout, is Gay- 
iLussac^s law. ' v 

This erroneous account was corrected by Ostwald in 18891' 
Nevertheless Ladenburg, in a book published in 190a persists 

>Tbe itetemeBt, that AmgndroP* hgrpothois b an ip h MtiM of ikt 
piopefties of fMo, does not nan Hiat Air^p^bo tspbiaed vigr one fw 
oonbiDct with another. There it httle need to enphainie thi% to ftv aa ikt 
BMia porpoM of this eitaj it eoikcened« haeaaat cKtaikal afiai^ 
jMt aa little hf Daltoa aa hf Avq^adrob 

•E. B., Aitida ChMktif-IIirtoikal InlfodMtios hgr F.II.B. 

' KkMikeri I, 48. 
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in the error. " The physical properties of the gases (esped- 
ally the similarity in their behaviour towards chants of 
pressure and of temperature) lead Avogadro to assume in equal 
vtdumes,of all gases, the same number of molecules." ^ 

The matter can be put beyond doubt by quoting Avo- 
gadro's own jitatement, in his second paper on the subject 

r * In my essay on ' A Me^od of Determining the Relative 
Masses of the Molecules of Substances, etc./ I have advanced 
a hypothesis * • . in order to explain the fact discovered 

• by M. Gay-Lussac, that the volumes of the gaseous sub- 
stances which combine with One another, and of the compound 
gases which are produced, are always in simple ratios to one 
another." * 

In the second j^ce, Gay-Lussac's law and Avogadro's 
hypothesis have been regarded as the same thing. Clerk 
Maxwell mentions " a very important law established by Gay- 
LussaQ that the densities of gases are proportional to their 
molecular weights."' The statement ^^ich Clerlc^Maxwell 
here describes as Gay-Lussac's law is familiar to chemists as 
the equivalent of Avogadro's hypothesis. 

Nevertheless, Gay-Lussac's law and Avogadro's hypothesis 
are not the same thing. The two generalisatiohs are distinct, 
nor matter how natural the step from the law to the hypo- 
thesis may seem, and no matter how obvious a corollary of 
the hypoUiesis the law may be. On this point the history 
of the subject affords a decisive verdict The two generalisa- 
tions were enunciated at different times by different mea 
Again, while the law came at once into alnK>st, if not quite, 
universal acceptance with chemists, the hypothesis for long 
met with neglect, or was revived only to be rejected 
Revived, and applied successfully at last to oiganic chemistry 
by Gerhardt and Laurent, the hypothesis was accepted 

• 

> Ladenlmif, p. 6i. 

* '* Dmm noB Knai ^ mm Afm$ih^ dt dUtrmitttr kt Mums rththm its 
MtUmks da i$tfs, «0r., J'ai propoi^ vne hypoChltt poor espUqner k lUt; 
dfcc m tt rt pir M. GtjNLiiMC, que 1m volunei det nbttanoei gueuaes qoi tt 
eonbiiMBt cntra diet, et det fu com p otl i q«i en r^tat, font toajoaii dint 
det nppofftt till tfanplct ame cti." Debm^Cherit, 1814, fS, 131. . Tht 
~ met to tte fifit piiper b Prhai^fhirif, 1811, 98, 58 

•Heat, p. 3*^ 
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without reserve, and applied successfully to both organic and 
inorganic chemistry, first by Cannizzaro about the year 1858. 

In the third place, Avogadro's hypothesis is frequently 
described as a law. Tilden, for instance, under the headinf^ 
" the law of Avogadro," remarks, " This statement, originally 
enunciated by ^Italian pdiysicist, Avogadro, . . . may 
now be regarded as a well-established truth." ^ 

This is not a mere matter of words. The point lies in Uie 
statement that this particular doctrine, whether it be called 
Avogadro's hypothesis or Avogadro's law, is *'now a wdl- 
established truth." It is one of the tenets of this essay that 
the doctrine, far from being a " well-estaUished truik^ \a^ on 
the contrary, one of the hypotheses, which, from their very 
nature, have never been proved. 

Avogadro himself, presumably, regarded the doctrine as an 
assumption ; he uses the term " hypothesis." To use the term 
" law " is only to give way to what Faraday calls " the constant 
tendency of the mind to rest on an assumption, and, when it 
answers every present purpose, to forget that it is an assump- 
tion." 

The use of the term "law" in this connection has two 
results. First, it tends to keep the hypotheses which form 
the basis of nineteenth century science out of sight Second, 
and this will be considered in the next diapter, it is likely to 
conceal the truth that hypotheses are of a transient nature. 

About the constitution of matter, there are, according to 
Clerk Maxwell, " two modes of thinking, whidi have had their 
adherents both in ancient and in modem times. They corre- 
spond to the two methods of regarding quantity--the arith- 
metical and the geometrical To the atomist the true mediod 
of estimating the quantity of matter in a body is to count the 
atoms in it The void spaces between the atoms count for 
nothing. To those who identify matter with extension, the 
volume of space occupied by a body is the only measure of 
the quantity of matter in it" ' 

From this pcrnit of view it is of much interest to consider 
the measurement of matter in chemistry. The method is^ to 



> Chfkil Fliflotopbx, p. iCi 
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measure matter in the gaseous state, by taking equal volumes 
of the di£Ferent gases. At the present time, the use of this 
method pure and simple is being inculcated by Ostwald. 
Chemistry, as expoundeid by him, is a science which " identifies 
matter with extensioa" 

On the contrary, as understood by the chemists of the 
schod of Dalton and of Avogadro, chemistiy is a science of 
molecules and atoms. Yet, so far as results go, tiiere is no 
difference between the opposing schools ; they both measure 
matter in the same way, by taking equal volumes of different 
gases. This, according to Avogadro, is a means of taking 
equal numbers of the different molecules. Ostwald, on the 
other hand, simply refrains from postulating the existence of 
molecules. 

The accepting of Avogadro's hypothesis as a law lies 
open to the objection that the hypothesis assumes the dis- 
continuity of matter. As Gerk Maxwell has stated, ** there 
are two ways of thinking about; the constitution of bodies^ 
which have had their adherents both in ancient and in modem 
times." Avogadro's hypothesis is not a law, because it implies ~ 
the adoption pf the atomistic way of thinking about matter, 
and the rejection of the other way. ' 

'The trend of nineteenth century science, obviously, has 
not been sudi as to train and brace the mind for the concep- 
tion of continuous matter. It is sometimes said that a theory 
of continuous matter is ** inconceivable.'' Those who say so 
may foe supposed to know their own minds best There is» 
neverthdessi the possibility that the theory of the future may . 
not regard matter as atomic Ostwald, in the theory which • 
he is at present formulating, makes no assumption as to the 
constitution of matter. 

Whatever the events it is certain that some leaders of 
tdenoe have been agnostics in regard to the atomic theory. 
Of these Faraday was one, and Frankland another. In " 
l869b in the course of a discussion at the Chemical Society 
of London on the atomic theory, Frankland said he was 
'averse t6 accepting the theory as an absolute truth." " He 
considered it in^x>ssible to get at the trudi as to whether 
matter was composed of simill and indivisible partxdes^ or 
whether it was continuous— the question belonged to what 
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the metaphysidaxis tenned 'the unknowable'; Irat lie * 
acknowledged the importance of the fullest use of the theory 
aa a kind of ladder to assist the chemist in progressing from 
one position to another in his science.** " He did not wish 
to be considered a blind believer in the theory, or aa unwilling 
to renounce it if anything better presented itself to assist bim . 
in his work." ^ 

In 1853, Faraday, invited to eiqpress his opinions on Uie 
atomic theory, for publication in Henr/s *'Life of Dalton," 
wrote — **I bdUve in matter and its atoms as freely as most 
people, at least I think so. As to the little solid particles 
which are by some supposed to exist independent of the forces \ 
of matter ... as I cannot form any idea of them apart 
from the forces, so I neither admit nor deny them. They do 
not afford me the least help in my endeavour to form an idea 
of a particle of matter. On the contrary, they greatly 
embarrass me . . . the notion of a solid nudeus without 
properties is a natural figure or steppii^*stone to the mind at 
its first entrance on the consideration of natural frfienomena; 
but when it has become instructed, . • the notion 

becomes to me hypothetical, and what is more^ « vecy dumsy 
hypothesis."* 
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CHAPTER lit 

THE RELATION BETWEEN THE HYPOTHESIS 
AND THE KINETIC THEORY OF GASES* 

' / Gtmtt>m/(rt Ui ikit b€ u rult^ tktU att partitimu tf kntmltditi h$ •ec^Ud 
ratkirffr Ums mtd vtim than J§r fctimt mtd sepmmtwms; tutd tha 
iJU imtimtumet mnd tntirtmss •/ kmmkdgt U frtstrvti. Ft tlU 
CMUrtLty hertsf kaih madt ftartknUtr uitmts (0 Ucphu Smmm, skaibm, 
tmd errmtentt, whUt ih^ kmm mH hem tmiritked mtd wudmUdmd 
fnm tki <9mmm$ fmmiain, — Bacon. 

The term molecule is used both in chemistry and physics. 
The physical molecule, as defined by Qerk Maxwell, is * that 
minute portion of a substance which moves about as a whole, 
10 that its parts» if it has any, do not part company during the 
motion of agitation of the gas.** ^ The question is sometimes 
considered, is the physical molecule the same thing as the 
chemical molecule? { 

One answer that may be given is, that the two ideas» 
though they have different phenomena in view, are not incom-~~ 
patible with one another. The physical molecule can 
doubtless, on occasion, take part in chemical actioa The 
cfafmical molecule, while its chemical activity is in abey- 
ance^ doubtless "moves about as a whole, so that its parts» 
if it has any, do not part company during the motion of 
agitation of the gas." This is important, because it means 
the possibility of a molecular theoiy which shall bring both 
chemical and physical phenomena into co-ordination with one 
another. Thus a collision between two molecules must 
occur, as one condition that chemical action shall take place 
between them. 

Divers* in his British Association address in i$p3, opposes 
any identification of the chemical with the physical molecule. 
. • • "the atomic theory should be called the molecular 
theory of chemistry, ... were it not for fear of con- 
founding it with the mechanical theory of that name." * 

Whaf Divers understands by the atomic theory he has 
eyplainfd in the most explicit manner. "Divested of all 
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reference to the physical constitution of matter, the atomic 
• theory is that the quantities of substances which interact in 
single chemical changes are equal to one another — as truly 
equal in one way as equal masses are in another — and, there- 
fore, that chemical interaction is a measure of quantity of 
unlike substances^ distinct from and independent of dynamical 
or mass measurement" ^ 

Divers admits that " Dalton, indeed, did not express him- 
. self in any such terms, his mind being fully possessed with 
;.tiie ancient and current belief upon which he framed his 
theory that substances are made up of minute discrete par- 
tides. But it is dear enough that his theory was that of the ^ 
existence of another order of equality between substances 
than that of weight" * Accordingly, Divers formulates an 
atomic theory which is "divested of all reference to the 
. physical constitution of matter." 
] It is no easy matter to do justice to a version of Dalton's 

/ atomic theory so out of the ordinary as thi& What I under- . 
stand t)ivers to maintain is, that, in addition to the two vrays^ 
recognised by Clerk Maxwell, of thinking about matter, there* 
is a third way, of which chemists are the exponents In 
case the conclusion of this essay is just, namdy, that in 
chemical theory Avogadro's hypothesis is the "controlling 
uid organising prii s," this third way of thinking about 
li er is f allado 
in any < phraseology of this third way, as fixed by 

irers, is ly to lead to confusioa The words " atom " 
are < acteristic of one of the two ways of 
t ^gnised by Clerk Maxwdl, and they 

the ot way. The words " atom " and 
id: by Divers in connection with his 
ttbout ter, the result is, that he makes 
jc woi as Clerk Maxwell as a means of 
Qveying totally dif \ ideas. Since the words "atom * 
" molecule " were used by Dalton with reference to the 
n; al constitution of matter, surdy, in the. eyes ol the 
io\ rs of Dalton, one is justified in continuing to use them 
' in this sense. 

■■« I ■■ l{ I Ml , 
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ka StamUng in Ckimistfy of Avogadro*s Hypothnis^ . 

mu Hmi t m f p n tJU fV$ m# /w y r r ktp$ fy Uotrt mtd umu t0 pltuk nti 

iki A Mtf tf iki mj ^ st uy tf iki umtMn t , But ikenmm^mpmsmtUms, - t 

7S« U Hc tj^H tm tf iki ^ftitmi wtrld 0t « ms e kt m i t m, tfmttmeUdim m 

TttU tfitfktftttHfttf ^iti$t wMtst iMMt iittimMJt tbt^tiis 9itigki PomHUv 

jiMM d^ b$gmttstdt waSf itkbUk^ 9$mimhai d^nstktg, fV$ imm Um^ 

im ir N hiet i im ; tJMi U it mtrtfy tJU •fpmmim ky mkiekw$ wuipmiMtr 
kmtmlt4ti% wndhmnt wmm §^teiiv$ ruttiy tJkam tinitt tfhtUudi mtd 
iu^gUmii §m tJU mm, • Tk$ w$rU nm^im m min wiitdtrfki 

pha tktm §9tr; w$ mt^itnmikMt H iA$i mis im riekss mi/ti dnammt 
^^HoiACi Lamb. 

Not only is it objectionable to call Avogadio's hypothesis 
a "law," since Avogadro used the term " hypothesis," but also 
because it is likely to keep the hypotheses which form the 
basis of nineteenth century science out of sight This has 
been shown in Chapter 11. There is another objection, which 
will now be considered, that it tends to conceal the truth that 
hypotheses are of a transient nature. 

^ Avogadro's hypothesis is foucjd to be a deduction from 
the kinetic theoiy of gases. Primarily, this theory contem- 
I^tes the physical properties of gases. It makes certain 
assumptions as to the nature of gaseous matter, fi^m which, 
by mathematical and dynamical reasoning, Boyle's law, 
Ohailes' law, Avogadro's hypothesis and Gay-Lussac's law 
can be deduced It is on lids account, doubtless, that many 
sdentiBc writers have come to regard Avogadro's hypothesis 
as being on precisely the same footing as Boyle's, Charles', 
and Gay-Lussac's laws. It is accordingly described by these 
writers as a law. 

This is a specious reason for calling Avogadro's hypothesis 
a law. A deduction from a theoiy must stand or fall with 
the theory. What then are the fundamental assumptions of 
the kinetic theory of gases? ' They are: — 

I. That matter is composed of a finite number of mole-. 
coka In* a gas the volume of a single molecule is small 
compared with the space which the molecule is occupying. 

%, That the molecules are in perpetual motion fiiom place 
to plac^ the motion of single molecules being disturbed by 
collisk»s with other molecuks and with the containing wall 

3. That on coUiskMi, there is no change of energy of 
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translation into energy of rotatioa Hence it is necessary to 
picture the molecule as a smooth hard qihere. 

4. That the condition of dynamic equilibrium between 
two sets of molecules of different kinds (t^^ MtC{»M,ci» 
M denoting mass and c velocity), is also the condition of 
thermal equilibrium. 

On the four assumptions of the kinetic theory of gases^ 
it can be shown by dynamics that ^idien p denotes the p re ssur e 
of a ga% and N the number of mdecides in unit vtdume of 
the ga% 8p»MNc*. 

For two different gases, 8p| » M|N|Ct, and 8p, » M,N,c| 

If the pressures be equal. MtNtC{»M,N,c|^ 

If the temperatures be equal, MtC{»M,c| 

Hence N|wNg 

and this is Avogadro's hypothesis. • 

The accepting of Avogadro's hypothesis as a law, on 
the strength of the kinetic theoiy of gases, is open to objec- 
tion, because the kinetic theory of gases itsdf is not above 
su^ndoa In reference to the current view of the molecule; 
Tait says, "the hard atom , . . survives to this day 
. . . as at least an unrefuted, though a very improbable 
hypothesis."^ The successive changes, firom the emissioQ 
theoiy of light to the undulatoiy theory, and from the 
undulatory theory to the electro-magnetic theoiy, were 
made in order to embrace a wider and wider range of 
ihenomena.' The kinetic theory ignores the problems 
>f gravitation and chemi^d affinity, and therefore can hanfly 
[3e final Were the kinetic theory abandoned, in frnroor of 
\\ theoiy which does explain gravitation and chemical affini^, 
the laws of Boyle, Charles, and Gay-Lussac must be 
A^eductipns from the new theory, but who can say in advance 
Iwat the theoiy will lead to Avogadro's hypothesis? 

U Scrutiny of the fundamental assumptions of the Idnetie 
theoiy of gases shows that one of them lies open to p^r^^lar 
objection. This is the doctrine, namely, that two sets of 



> Prafterdet of MAtter, 41I1 cd., p. iS. 
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moleculet in dynamical equilibrium are also in thermal equi- : 
Ubrium. By Clerk Maxwell this doctrine has been expres^y 
recognised to be a pure assumptioa 

He says, " If the system is a gas or mixture of gases not 
acted on by external forces, the theorem that the average.^ 
kinetic energy for a single molecule is the same for molecules 
of difiPerent gases is not sufficient to establish the condition of 
equilibritmi of temperature between gases of different kinds, 
< such as oxygen or nitrogen, because when the gases are 
mixed we have no means of ascertaining the temperature of 
the oxygen and of the nitrogen separately. We can only 
ascertain the temperature of the mixture by putting a ther- 
mometer into it" ^ 

There is, however, an alternative to the assumption that 
]ifiC}»M,cS, for gases at equal temperatures. Avogadro's 
hypothesis can be assumed, f./., 

that N|-N, 

At equal pressures M|NiC{-«M,N|CS 
Therefore M|C]i^M,cS 

That is, when gases are in thermal equilibrium, the condition — 
>of dynamical equilibrium is fulfilled. Hence, by assuming 
Avogadro's hypothesis, we can deduce the hypothesis that 
two systems of molecules in thermal equilibrium are also in 
dynamical equilibrium, and again, by assuming the latter 
hypothesis, we can deduce Avogadro's hypothesis. / 

This puts the proof of Avogadro's hypothesis from thei 
kinetici^theoiy of gases in its true light The hypothesis isj 
but one out of two hypotheses which are contingent on one/ 
another. Either granted, the other can be proved In suchi 
a case, the simpler hypothesis is naturally selected as the| 
basis of reasoning. To the chemist, Avogadro's hypothesia^^ 
is the simpler of the two. Whether physkists agree to thif^i 
or not, two conclusions may safely be drawa First, thatVi 
it is possible to develop a modified kinetic theory of gases, a^' . 
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fundamental assumptkm of which is Avogadro's hypothesis. 
Second, that the transmutation of Avogadiro's hypothesis into 
a law, by means of the kinetic theory of gases» is not a 
genuine transmutatioa . 

^ Omhi TMim., i879b qvolcd, H«^ p. 3i6, 






CHAPTER iV. 

AVOGADRO'S HYPOTHESIS AS A PRINCIPLB OF 
CHEMISTRYt THE MOLECULE. 

Samttimes by Principtt wt mean a imaU particular Sesd, tki Grmik #r 
gradutU uufdUling of wkkh dttk /r^duet am ^rganiud J^, mmm/ 
or viable, in' its proper Siu ami Skape,^BMMKELKY, 

A hypothesis not only serves to explain the facts origin- 
ally in contemplation, but becomes. a principle by being 
adopted and carried out to its logical conclusions. The first 
consequence of the adoption of Avogadro's hypothesis is as 
follows: — 

The molecular weights of all gaseous substances are 
directly proportional to their densities. This means that 
molecular weights are arrived at, primarily, independently of 
chemical actioa 

At the same time, the molecule, whose relative weight is 
determined apart from chemical change, is made the unit of 
chemical actioa Accordingly, in terms of this molecule, 
Avogadro gives an account of the facts of Gay-Lussac's law. 
The formation of two volumes of hydrochloric acid from one 
of hydrogen and one of chlorine consists in the formation of 
two molecules of hydrochloric acid from one of hydrogen and 
one of chlorine; the formation of two volumes of steam from 
one of oxygen and two of hydrogen consists in the formation 
of two molecules of steam from one of oxygen and two of 
hydrogea 

The molecular weight methods are all related to Avo- 
gadro's hypothesis; they are (i) the gas density method, 
(2) the osmotic pressure methods. 

I. The determination of the density of a gas leads at once ' 
to a knowledge of its relative molecular weight For a long 
^ime molecular weights were measured relatively ^ hydro-^ 
f gea As the standard substance, oxygen has great advanr 
^ tageSk and is now much used. The standard • amount of " 
oxygen is 32 ^rammesi and is called the gramme molecular 
weight The gramme molecular weight of any other sub- 
stance than oxygen is that weight of it which, in the state of 
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' ] Jgu, oocnpin the aame volmne u the gniiime moleoilir 
, wda^t of tacygea, the two being mt the mom tempentnre and 



Onr knowledge, mi fint hand, of molecnUr weighty hu 
been nnmeoiely GKtended by the tue of Victor H^er'* vapour 
demity mppanba. 

2, Of late ytaa there has been investigated a dass of 

I netbods idated to the osmotic pressure of solati(»i& Tbe 
■lethods are empirical, inasmuch as they invtdve e]q>erimenU 
with tubstances of known molecnhT 'vrd^t An example 
of thii class is the freedBg-point method In tenns of this 

, juc&oi, the definititm of molecular wd^ is as follows^— 
The Dxdecolar vreight of a sabstance is that weight of it 
vriiich prodaces the same defsessioi) in tbe freeang- point of 
a solvent, as tbe known molecular weight of some other sub- 



I Thoe is not only this emi»rical connectita between all 
osmotic pressure methods and tlte gas density method^ bat 
•ometbing mcve. Vant Hoff has shown tlut the osmotic .. 
pte ssur e of a dissolved substance is closely analogous to tiie ^ 
pw a s ar e td • gaseous substance; For equal .changes of 
concentration, (s of temperature the two pceisnies alter to 
thfe same extent Wth a- given amount of a substance^ at 
the same temperature, and volume, tbe pressure of the sub- 
stance in the state of gas is equal to tiw osmotic pressure of 
the substance when in the dissolved state. 

In a very striking way Vant Hoff has tested this identity. 
Jost as woric can be dtoe against the pressure of a gas, w(^ ' 
,' can be dcme against osmotic pressure. Regarding the ' 

' fteenug-point method of nxdecular weight deteiminatioii as 
consisting essentially in the separation of solvent frmn aolu- 
tioo, accompanied by insai^ of the pure solvent, Van't Hoff 
calolates the woric done against osmotic pressure, in separat- 
ing solvent from solution, llius, a formula for the solvent 
constant is anived at; irfiicb involves as factor^ the tempera- \, 
tun of fosirat, and the latent heat ti fusion, of tbe solvent '\ 
Tbeic is good agreement between the constant as found 
■ eaipirically, and as calculated from this fonnula. Tbe fdlow- 1 

/,II b *«11 hMwi Oat Ai Anlnd i^MtaMi bmi bm b* t^JMaOj^ K 
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ing figures, taken fxom Walker's Introdnction to Physical 
Giemistry, iSgg^ p. 329^ show the extent of the agreement:— 
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Accurate molecular weight determinatk>n by the measure-b 
ment of gas densities has been carried out in the case of only 
a few gases. The gas laws are of limited accuracy. Gay- 
Lussac's law being only an imperfect description of the focts^ 
even in the case of the combination of hydrogen and oi^gen. 
With one volume of oxygen there combine, not two volumes 
of hydrogen, but, according to Scott 3*00385, to Leduc 3*0037 
and to Morley 3*00369.^ From gas- density measurements^ 
therefore, accurate molecular weight data are to be got only 
by the application of a special correctioa The necessity of 
making such a correction was recognised in 1893 by Ray- 
leigh' A systematic way of making the necessary tonec- 
tion was proposed and successfully apphed to certain gases 
first by Daniel Berthelot' 

In general, determinations of gas density are not supposed 
to give the most accurate molecular weight data. Nearly 
always, these are got -by using the results of gas density 
measurements in order to interpret the chemical combinin^^ 
weights. Thus, Morley found that 30*3966 g. of oxygen 
•combine with 3*8386 g. of hydrogen and give 34*3361 g. of 
water ; that is, the molecular we^ht of oxygen, 33 g., com- 
bines with 4*0306 g. of hydrogen, yielding 36*0315 g. of 
water.^ From the gas density we Imow that the molecular 
weight of oxygen being 33, that of hydrogen is about 3, and 
that of water about 18. Combining these two sets of data, 

it is evident that 4*0306 is the accurate weight of two mole- 

■■■■I II ih I I —— — * 

> Morley, p. iia * Plrooeedingi oT the Royia Sociclj, 189s, iO^ 461. 
'Complni Rendot, 1898, 118,954' * Morley, p. 109^ 
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cofet of hydrogen, aikL 36*0315 of two moleculet of water. 
Hence, £rcan this esqierimeiit, the molecular weight of hydro- 
gen 11 1*0153, aikL that of water 18*015/. 

Yet another illiistration may be given of this combination 
of two sets of data in order to arrive at accurate molecular 
weights. Hardin found that 0*19631 g. mercuric oxide con- 
tained 0*1817/ g. mercury, and therefore, by di£Ference, 
.ot>i454 g. oi^gea^ That is, to form mercuric oxides the 
molecular wei^^t of oxygen (33 g.) combines with 400*0 g. 
m ei cuiy. From gas density data we know that the molecular 
weight of meremy is about aoa Evidently 406*0 is 
die aocorate weight of two molecules of mercuiy, and the 
acoBate aaplecular wei^t of mercuiy is aoo*a - 
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CHAPTER V. 

AVOGADRO^ HYPOTHESIS AS A PRINOPLB OF 

LY (oootiiuMd)t THE ATOH. 



«:i:4.Mk 



7%i k mwm/ §f m ttimct, mfp^rtu^ tack pmrt ikt §ihtr^ ittmimfikt * Ar 
ik* trm 0md Mtf tm^tim tmd m/f§ t ui m tf tMtk$ mmUir atHtf 
«^«rtf#iw;— Bacon. 

The adoption of Avogadio's hypothesis as a principle of 
chemistry leads^ in the second place* to the coochiaioii that 
the molecules of many of the elements consist of paxta. 
Consider the molecule of hydrogen. In the formation of 
hydrochloric acid from its elements* one molecule of hydrogen 
gives rise to two molecules of acid Each molecule of acid 
containing hydrogen, it appears that in this chemical change; 
the molecule of hydrogen is split in twa In the case of the 
molecules of chlorine aikL oxygen, similar reasoning leads to 
a similar condusioa Each of these molecules can be ^ilit 
in two. 

This is a most important omsequence Of Avogadio's 
hypothesis. Returning to the case of hydrogen, it is found, 
in general, that hydrogen enters into its compounds by half- 
molecules. Compounds of hydrogen are known, the 
molecules of which contain, some a half-molecule of 
hydrogen, some two half-molecules, some threes aikL so on. 
No compound of hydrogen being known which contains* per 
molecule, less than a half-molecule of hydrogen, it is si^yposed 
that the molecule of hydrogen consists of no more than two 
equal parts. Such parts are called atoms. 

A protest against the use of the word " atom ** has been 
made by Guthrie. " The heavenly bodies in their orbits are 
types of the particles of matter whkh we handle. Call these 
small parts particles if you please^ or call them molecules^ 
but do not call them atoms* do not write finh to the book of 
nature.** With the spirit of this all chemists are now con- 
strained to agree Tlie word "atom,** which can hardly be 
given iq)^ is not now used in the rigid sense to ^i^iich Guthrie 
makes objection. Even apart from the analysis of the atom 
into electzon% the modem concep ti on of the atom is a quite 
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^ pliable one The atom is the smallest part of an element 
which is found to enter into the composition of a molecule. 
This definition, as an appeal to our esqmence of molecules, 
implies a.readiness to accept whatever addition to our know- 
ledge of molecules the day may brii^ forth. 

Of the two problems of atomic-weis^t determination, the 
first, how to ascertain the experimental data, hardly comes 
into consideration in this essay. The present question is the 
other problem, namely, the interpretation of the data. Pre- 
cisely stated, this problem is the determination of chemical 
formulae^ or, in the words of Berzelius, " the determination of 
the rdative number of atoms in chemical compounds" 

As a preliminary to the determination of formulae, there 
is to be considered the question of classification. This may 
be carried out on chemical or on physical grounds. As a 
result of eaqperience, a method of classification on physical 
grounds has been arrived at, which is in accordance with 
chemical considerations also. This 4s the method of isomor- 
phism 

Isomorf^sm is a means of classification essentially ; truly 
iaomorphous substances are classed together, those in the 
same jdass subsequently receiving the same gtoeral formula. 
Sodium and potassium chlorides being isomorphous, they 
receive the general formula M, CI, . 

This implies that isomorphism is a molecular weight 
method in ^ first place. Sodium and potassium chlorides 
being isomorphous, the respective quantities of each which 
contain the same amount of chlorine are the relative molecular 
weights. These relative weights are the same, whatever 
values be assigned to x and y in the formula M, CI, and 
consequently whatever atomic weights for sodium and potas- 
sium may finally be decided upoa 

In the second place, in arriving at atomic weights, isomor- 
phism in itself is not sufficient; it affords no means of 
ass^ing values to x and y in the formula M« CI, . That 
must be done on other grounds. Isomorphism may be called 
m subofdinate atomic weight method, inasmuch as it does not 
stand by ttsdf , but must be used in subordination to other 
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In addition to the method by isomorphism, the atomic 
weight of an element is determined (i) on cossideration of 
the molecules into which the element enters* (a) from the 
specific heat of gases, (3} from the specific heat of solids^ 
(4) from the periodic system of the elements. These methods 
will now be considered in order. 

The first of these, the predominant method, is based on 
the definition of the atom as the " smallest part of an element 
which is fomid to enter into the composition of a molecule." 
It has already been explained. There remains only to con- 
sider the extent to whidi recourse can be had to it 

By this method, the easiest atomic weights to decide are^ 
those of the non-metallic elements. They, on combination 
with one another, form numerous compounds which axe. 
gaseous or easy to convert into gas. Hence, of all atomic 
weights, so far as these depend upon formulae, those of the 
non-metallic elements are least subject to uncertainty. 

The study of the non-metallic elements in this way reveals 
the existence of compounds of certain types They are^ for 
instance, (i) hydrochloric acid, HQ; (2) water, H,0; 
(3} ammonia, HaN; (4} methane^ H4C; ($) phosphoric 
chloride^ C1«P; (6) fluoride of sulphur, F«S Accordingly 
there are elements which combine with hydrogen or its 
equivalent, some atom with atom, some one atom with two^ 
some one atom with threes and so oa This is the basis of 
the idea of valency. An element which combines with 
hydrogen atom for atom is said to be univalent, an element 
one atom of which con^bines with two atoms of hydrc^gen, is 
said to be bivalent, and so on in order, trivalent, quadri- 
valent, etc 

The case of the metallic elements is harder to solve; their 
compounds being much less volatile The difiBculty is often 
overrated, seeing that, for evidence as to the atomic wei^ts 
of the metals» their compounds with the hydrocarbon 
radicals methyl, ethyl, etc, might be quoted far oftener 
than they are 'Even apart from these compounds^ the 
molecular weights of a number of metallic compounds have 
been found. Victor Meyer^s vapour density apparatus is 
very handy for all such purposes. One thing is specialty 
important, namely, to show that there are univalent; bivaknt; 
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trivalent, and quadrivalent metals. The foUowinjgf formulae, 
for instance, have been established:— (i) KI, (a) HgCl,, 

0) BiCU (4) Sna. 

In deciding on the molecular formula of a substance, a 
knowledge is useful of the specific heat of the substance in 
the state of gas. There are two definite ways of measuring 
the specific heat of a gas, the gas being maintained (i) at 
constant pressure^ (3) at constant volume. These two quan- 
tities of heat are different, and their ratio for each gas is an 
important constant of the gas. The ratio is usually denoted 
by Cp/Cv. The value of this, for substances which con- 
sist of two atoms to the molecule^ such as oxygen and nitric 
oxide, is i*4a The value for sulphuretted hydrogen is 1*31, 
and for methane 1*37. For more complex molecules, still 
lower values are got 

The empirical law is, the simpler the molecule, the higher 
the value of Cp / C^ . Mercury vapour and argon give the 
value I '66. This is evidence th^t the mercury and argon 
molecules consist of one atom eachl By other methods this 
conclusion regarding mercury is confirmed 

A meaning to the ratio Cp/Cy is given by the kinetic 
theory of gases. When heat is given to a gas, at constant 
volume, the heat may be used up in two ways, (i) in increas- 
ing the motion of the parts of the molecules, (3) In iixrreasing 
the motion of the molecules as wholes. Let the ratio of 
these quantities of heat be b. Again, when heat is given to 
m gas at constant pressure, the heat is used up not only in 
these two ways, but also^ during expansion, in overcoming 
the external pressure on the gas. Let this quantity of heat 
be denoted by W. Then Cp - C -^ W, so that Cp/C^ - 
(Q -f W) / C^ • It can be shown that this latter ratio 

The larger the number of atoms to the molecule, the 
larger will be the value of b. At the same time, the nearer 
does the value of Cp/C^ approach to i. When the mole- 
cule has no parts, the value of b becomes o, and of Cp /Cp 
1*67. The agreement observed here bet w ee n the theoretical 
value and the experimental value for mercury and argon is 
most strikiog. Armstrongs nevertheless, has passed an 
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adverse criticism upon this method, consideration of which is 
reserved for the end of this chapter. 

The specific heat method for solid elements depends upon 
Duloni^ and Petit's law, that the atomic heats of the dements 
are equal As usually adopted, this method implies a spedal 
definition of the atom, namely, that the atomic weight of an 
element is equal to 6*4 divided by its specific heat 

The relation between this definition and the definition of 
the atom as a part of the molecule must be established, other- 
wise there are two independent definitions of the atom. The 
necessity of establishing this relation is not generally recog- 
nised, the atomic heat law being very often regarded as a 
plausible thing on the face of it But why should particles 
of matter of different kinds have the same capacity for heat; 
even if the particles are indivisible? 

It would be just as plausible to say that the atoms have 
the same capacity for electricity and to call this a law. On 
the basis of this law, definite formulae can be ascribed to the 
salts of the metals. If potassium iodide is KI, mercuric 
chloride is HgCl, stannic chloride is SnQ, etc These 
formulae satisfy the law, because they involve equal negative 
charges on the atoms of chlorine and iodine, aikL* equal 
positive charges on the atoms of potassium, mercury, and tin. 
For these compoxmds» Dulong and Petit's law leads to the 
formulae KI, HgCli, SnCl«. The two laws are incom- 
patible with one another. 

Of the two supposed laws, each has defects of its own. A 
difficulty in the way of accepting the law that atoms have 
the same capacity for electricity is that there are metab which 
form more than one chloride. This difficulty may be over- 
come in a more or less satisfactory way, by ascribing the 
general formula MQ to the most characteristic chloride 
selected as such on chemical grounds. In Gmelin's, and 
also in Gerhardt and Laurent's system of chemistry such a 
state of things was realised 

Of Dulong aikL Petit's law the great defect is that the 
specific heats of the elements are not constant As the 
temperature falls, specific heats tend to decrease. Loo^r 
known in the cases of carbon, silicon, boron aikL beryllium, 
this change is now known to go oh in the case of many of the 
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metals. The following data, obtained by Tilden,^ show 
this:— 

Avcnss ipcciBC hcM* Indcd* Suw* 

BttiTMB +15* tad +43j*. 0*114. O'OSS. 

M -18a* ,, +15*. 01084. 0105s. 

Besides this, in the case of many of the metals which are 
.supposed to be instances of confonnity to Dulong and Petit's 
law, the deviations from the constant 6*4 are considerable^ 
and even, in certain cases, amomit to 10 per cent 

These defects apart, any one of these laws, taken by 
itself, is as plausible as the other. The laws are also incom- 
patible with one another. A decision between them in favour 
of Dulong and Petit's law is given by Avogadro's hypothesis. 

To sum up^ the specific heat method is not an independent 
bat a sttbcmlinate atomic weight method Dulong and Petit's 
law does not recommend itself, nor stand on its own footing, 
but requires proof like any other law. Assumed to be true, 
.the law leads to the recognition of univalent, bivalent, tri- 
▼alent, and quadrivalent metals.! As a matter of chemical 
history, the law has been much used in fixing the atomic, 
weights of the metals. It is therefore of particular import- 
ance to test the law not for non-metals only, {mt also in the 
cases of uni-, bi-, tri-, and quadri- valent metals. For 
in&tance, the atomic weights of potassium, mercury, bismuth 
and tin can be arrived at from a knowledge of the composition 
and the vapour densities of their compounds. For each of 
these metals the atomic heat is not far from 6*4. Neverthe- 
less, it is quite the custom to regard Avogadro's hypothesis 
and Dulong aikL Petit's law as independent of one another. 
Tilden says, "It is interesting and important to note that 
whenever the two methods, based on the use of the. law of 
Avogadro on the one hand aikL that of Petit aikL Dulong on 
the other, can be applied to the same element the results 
agree.*** 

As a matter of history, Dulong and Petit's mere forecast 
of 1819 was not accepted as a law. Tilden remarks, " The 
principle asserted by Petit and Dulong remained unapplied 
and almost unnoticed^ save casually as a matter of curiosity, 
down to the present generation.'* * This remark conveys a 

■CN., tf, toa 'SlMiCHirtoijr, pb 74* 'Opb dt, p^ 75i 
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somewhat wrong impression of the facts of history. Bcr- 
zeliits, in i%76, and Dumas* in 1836 (in the ** Lemons sur la 
Philosophie Chimique '^ accepted the law with reserve. In 
1837, in the '^ew System of Chemical Philosophy^ (pp. 293-4) 
Dalton criticised it adversely. In 1843, all the eicceptions to 
the law, in Gmelin's system and in BarzeUus*, were carefully 
tabulated by Gmelin in the Handbook. But if the mere 
assertion of Dulong aikl Petit's law carries conviction with it, 
men of science must have accepted the law at once. It was • 
accepted as soon as Cannizzaro reconciled it with Avogadro's 
hypothesis 

Trustworthy atomic weight data available, the classification * 
of the elements according to their atomic weights b possible 
The classification, once arrived at, can be used in turn in 
the criticism of atomic weights. Such a classification b the 
periodic system, which originated with Newlands (1864), and 
was further developed by Mendeleeff (1869) and Lothar 
Meyer (i869> 

As an atomic weight method, the periodic system has 
been made use of in two distinct way& In the first place, 
it has been used in deciding between alternative formulae for 
a compound, a formula being accepted or rejected, according 
as the corresponding atomic weight fits well or ill into the 
periodic system. That thb is a sound atomic weight method 
there b no reason to doubt It was used by Newlands in 
deciding on the adoption of the atomic weight which b now 
generally approved for gludnum. A similar use of the 
periodic system was made by Mendeleeff, for instance, in the 
case of uranium, and by Lothar Meyer in the case of indium. 

The periodic system has also been used in criticising the 
numerical accuracy of the atomic weights. Mendeleeff criti- 
cised the data which were at one time accepted for gold, 
iridium, j^tinum, and osmium. Having shown that the . 
arrangement of these metab according to their atomic weights 
was not the same as the arrangement according ta physical . 
properties^ he expressed the conviction that the atomic weight 
data were wrong. Subsequent investigation showed that 
Mendeleeff's conjectures were right, the atomic weights to 
which he took exception having been considerably in error. 
Nevertheless thb use of the periodic ^stem b open to 
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tn^Mckm. Time has shown that the arrangement of the 
metals in the order of their atomic weights is not quite 
identical with the arrangement aocoiding to p rop erties^ 
Numerous recent investigations concur in assigning to tellu- 
rium a higher atomic weight than iodine Yet tellurium, on 
all other grounds, might be eiqpected to have a lower atomic 
weight than iodine^ and actually, in the periodic sjrstem, is 
always placed before iodine. Such an anomaly is not to be 
ignored Also^ aigon stands in a sipilar relation to potas- 
sium, and nickel to cobalt 

Accurate molecular weight data are a preliminaiy to 
arriving at accurate atomic weight data. Given molecular 
weights, in order to arrive at atomic weights^ a knowledge of 
molecular formulae is needed. From the fact that one mole- 
cule of oxygen gives two molecules of water, the oxygen 
• molecule of weight 33 has the formula Oa, so that the atomic 
weight of ox3^gen is 16. The consideration that two mole- 
cules of hydrogen give two molecules of water is no reason 
lor supposing that the hydrogen molecule is like the oxygen, 
molecule in' consisting of two atoms. That conclusion is 
arrived at horn the fact that one molecule of hydrogen gives 
two molecules of hydrochloric add. The hydrogen mole- 
cule having the weight 2*0153 (^ ^^ result of a particular 
experiment, see previous chapter, p. 38), the weight of the 
hydrogen atom is 1*0076. 

The molecular weight of mercury being 300*0^ the mercury 
molecule has never been divided, so that 200*0 is also the 
atomic weight of mercury. 

• 

When the atom of the element is divided into electrons, 
a new order of matter is reached Agatin, the conception of 
the atom implies an'appeal to experience, and experience is 
always being extended None of the atomic weight methods 
is final However, the majority of chemists, I presume, feel 
satisfied that the supposed atoms of the elements are really 
at the limit of division of ordinary matter. Hardly any other 
view 'is possible, because the atomic weight methods, taken 
as established, and applied to any particular case, agree well 
with, and hardly^ ever contradict one another, 
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As has been shown, the Cp/C^ method of studying the 
composition of molecules has a double basis, (i) empirical, 
(3) liie kinetic theoiy of gases. In recent years it has found 
independent justificatioa As made use of .by Rayleigh, 
Ramsay, Traverse the method leads to atomic weights Ux 
argon and its congeners^ which fit remarkably well into the 
periodic system. 

In spite of all this testimony, Armstrong maintains that 
the " element most nearly resembling argon is nitrogen," and 
that aigon and its congeners therefore consist of diatomic 
molecules.^ A test of the soundness of this analogy between 
nitrogen and argon is afforded by its results upon chemical 
dassificatioa 

For the chemical elements, Armstrong has a classification 
of his owa Helium is put in a column by itself; neon, 
krypton and xenon are put in another column along with 
indium ; argon is put in the same column as iron, nickel, and 
cobalt, away from nitrogea 

These results are by themselves a stultification of the 
supposed analogy between argon and nitrogen. Why should 
nitrogen and argon be classed apart from one another, unless 
for the reason that argon does not resemble nitrogen? 
Surely classification means the putting asunder of things that 
are tmlike one another, and the bringing together of things 
that resemble one another. In the same class Armstrong 
puts fluorine^ chlorine, manganese, bromine, and iodine He 
puts helium, neon, argon, and nitrogen in four different 
classes. This is tantamount to saying that these four 
elements do not resemble one another. It is therefcnre quite 
possible that while the molecule of nitrogen is diatomic, the 
molecules of helium, neon, and aigon are something else. 

Armstrong, supposing that the argon molecule is diatomic, 
suggests that if the two argon atoms within the molecule " are 
gifted with a veiy high degree of mutual affinity, the molecule' 
might well be so stable that no internal work is done on 
heating** the gas, when the Cp /C^ method, of course, must 
f aiL^ On this ground of pure conjecture, Armstrong proceeds 

to reject th6 method 

- ■ - - ■ ■" ■ . ■ 

^ E. B., voL s6^ Artkk Chemiitijr. 






38 Standmg m CAimisify ef Avogtidinfs Hypothesis. 



^ 



Admitting that this conjecture is possibly right, one may 
go on to enquire why the same line of argument should be 
taken only in the case of argon and its congeners. It b easy 
enough to take it further. No atomic weight method is final 
The mercury molecule may consbt of atoms ndiich are " gifted 
with a very high degree of mutual affinity,** and it ^may 
weD be so stable that no internal woric is done on heating ** 
it — 80 stable^ indeed, that no chemical agent is able to sepa- 
rate the atoms. The carbon atom nwy consist of smaller 
atoms gifted with a very high degree of mutual affinity, so 
that the atomic weight of carbon is a fraction of I3. 
Speculation may be continued without end on these lines. 

The smaller atoms which make up what we know as the 
carbon atom may not be all of the same kind, so that carbon 
is not an element The truth is, that if Armstrong's 
argument be allowed, all atomic weights are uncertaia If 
his method be adopted, the atomic weights^ one and all, are 
aiiything yon please. 

The recognised antidote to speculation is experiment 
Armstroiig's criticism, being purely speculative, does not evoi^ 
touch the empirical proof of the Cp/C^ method With 
monatomic mercury the ratio got is i:6(5^ with polyatomic 
motocules 1*41 or less. Until a molecule known to be poly- 
Hlomic 11 found to give the ratk> 1*5 or hi^ier, the empiriod 
proof remains untouched 
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The hypothesis that equal volumes of different gases under 
the same conditions contain equal numbers of molecules is 
rightly ascribed to Avogadra Certainly, his claim to the 
hypothesis is not to be based upon the mere enunciation of , 
the hypothesis by him in 1811. In that particular he was • 
forestalled by Dalton in 1808. Later on, independently of 
Avogadro, other men of science formulated the hypothesis^ 
Amp^ took it into consideration in 18 14, Dumas in 182/9 
Prout in 1834, Gerhardt and Laurent in 1842, Kronig in 
1855, and Clausius in 18$/. 

Avogadro has the distinction of having been the earliest 
of men of science to adopt this hypothesis, consequences and 
all. The hypothesis is Avogadro's beyond dispute, in the 
sense that he went on to apply the hypothesis to all the 
experimental data available, and that he was " not afraid o£ . 

, A characteristic feature of modem chemistry b the distinc- 
tion that has been established between the molecule and the 
atom of the element Such a distinction was unknown, 
and is even foreign to Dalton's atomic theory. Avogadro^ 
as a deduction from his hypothesis, showed that the molecules 
of hydrogen, oxygen, nitrogen, and chlorine consist of two 
atoms each. He came to the same conclusion rQ;arding the 
molecules of carbon and sulphur unsupported by ejqperimental 
data, and relying solely upon analogy.^ 

Avc^gadro was far in advance of his timeSi In 181 1» 
interpreting by means of his hypothesis the experimental data 
then available, he had arrived at what are substantially the 

* When rdjriBg vpoii aaalqgiea, Avofudro aade musf miiNlrffc b iSi4» 
liis condoaoiit ooooaiwd tbe melals cbieflf t hcre^ cxpetimentsl dsla bci^s 
abtent, he went Mtay. WhoMftr tbe Baoeauy date woe amibblc, A^nogidm 
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modern views r^iardiog the molecules of the following sub- . 
stances: — water, hydrogen, oxygen, ammonia, nitrogen, 
nitrous oxide, nitric oxide, hydrochloric acid, chlorine, sulphur ^ 
dioxide, sulphur trioxide, and carbon dioxide. To this list 
may be added the following substances, considered in the 
paper of 18 14, namely, marsh gas, oleiiant gas, phosgene^ 
sulphuretted hydrogen, and carbon bisulphide For instance, 
Avogadro says (in 181 1), "... the integral molecule of 
water will be composed of a half molecule of oxygen, with one 
'molecule, or, what is the same thing, two half molecules of 
hydrogea**^ 

In 1 8 14, Ampto came to conclusions somewhat similar to 
Avogadro's concerning the molecules of nitrogen, oxygen, • 
etc, and on similar grounds. The fact is not to.be ignored 
that Ampto's suggestions coincide with modem views 
less dosdy than Avogadro's. Amp^ did not make the 
explanation of Gay-Lussac's law his sole object The intro- 
duction of other consideration^ led to complications. Thus 
he supposes that the molecules of hydrogen, oxygen, and 
nitrogen are tetratomic Again, experimental data obtainal'^ 
by Dumas in 183$ led him to the conclusion, for instance, that 
the molecule of oxygen is diatomic and the molecule of 
phosphorus tetratomic Dumas was brought to withdraw 
this and suchlike conclusions, so unfavourably were they 
received 

Prout, in 1834, unaware of the views of Avogadro, Ampere, 
and of Dumas, on consideration of the physical properties of 
gases, formulated and adopted Avogadro's hypothesis In 
consequence, he regarded the molecules of oxygen, hydrogen 
and chlorine, for instance, as capable of being halved. On 
account of the composition by volume of water and of hydro- 
chloric add, Proiit concludes : — ^"Not only the self-repulsive 
molecule of hydrogen, but also the self-repulsive molecule of 
chlorine^ must be double at least, like the self-repulsive 
nxdecule of oxygen; and the same double state of the 
molecules might be shown ^th re^)ect to othdr gaseous 

* A. C R., i, 3a. " Aimi, k moUclBle intonate de I'eM, pw ocmple, 
MM c PM p ot f i dVuM dcBi-BoUoik d* osisliie wtc «m moUcnle, oo, ce qui 
«t k Mlaw dMit, dMt dtaiHBolkakt d' hydr^fliie." DckmMiefw^ Tl» 61. 
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bodies." Prout, entering like Ampere into further complica- 
tions, departed from the simplicity which is the merit of 
Avogadro's conclusions without gaining anything in retuiio. 
"The self -repulsive molecules of oxygen and of hydrogen 
are at least double ; but the probability is, that they are in 
reality much more compounded." See Prout's Bridgewater ^^ 
Treatise, ist ed, 1834, pp. 63-4, i33-35> Pr 4th ed., 185$. 
pp. 76-8, IOI-I3. 

Next, Gerhardt and Laurent adduced evidence that the 
chlorine molecule^ for instance, consists of two atoms. 
Clausius, in 1857, independently, on the ground of the thecNry 
of heat, came to a similar condusioa Finally, in 1858^ 
Cannizzaro formulated the modem doctrine that the mole- 
cule of an element may be monatomic or polyatomic 

At the present time not only diatomic, but monatomic; 
triatomiQ and tetratomic molecules are knowa The elements 
whose molecules are monatomic are:— (i) the metals, 
is known (a) by vapour density determinations in the 
of mercury, zinc, cadmium, sodium, and potassium ; - (b) by 
experiments with the "freezing-point" method, using a 
metal, tin, for instance, as the solvent (3) Argon and its 
congeners. This Is known from the Cp / C^ data. 

The principal elements which have diatomic molecules 
are hydrogen, oxygen, nitrogen, and the halogens. Of tetra- 
tomic molecules, the cases of phosphorus and arsenic may be 
given. 

Some elements^ it is known, form more than one kind of 
molecule. Oxygen gives ozone, the only known molecule of 
an element which is triafomic There is reason to believe 
that the halogens can exist as monatomic molecules. In the 
case of iodine, the evidence is conclusive that at hi|^ tempera- 
tures the diatomic molecule breaks up into two monatomk: 
molecules. 

Divers does not accept these views on the molecules of 
the elements. He says, " Unfortunately Avogadro's hypo- 
thesis does not hold good in the case of not a few simple 
substances, and it seems impossible from the chemical point 
of view, and consistently with the molecular theory, to admit 
that, because the gas volume has only half the. expected 
mass, the chemical molecule of sodium or mercury it not 
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bipartite like that of hydrogen or oxygen, and chemicany 
equal to either." ^ Divers apparently seeks to maintain that 
the nx>lecale of the element is essentially "bipartite" or 
diatomia 

As to the mercury molecule^ it is very doubtful if any other 
diemist than Divers holds that it is bipartite. Not only so, 
but the diatomic molecule of the element is no longer regarded 
as the predominant type. Reference to Frankland and 
Japp's "Inorganic Chemistry," 1884, p. ag^ Ramsa/s 
* Modem Chemistry," theoretical part, chap. 5, Erdmann's 
"Lehrbuch der Anorganischen Chemie," 1900^ ppi 38-43, 
7i-;3, and Tiklen's "Chemkal Philosophy," igoi, ppi 8^ 
Zj'^ shows that the existence of tetratomic, triatomic^ and 
nxmatomic molecules of the elements receives from chemists 
practically universal reoognitioa These conclusions r^^ard- 
ing the molecules of the elements being based on Avogadro's 
hypothesis^ it is dear that m modem diemistry, this hypo* 
Hiesit has a wider currency than Divers has yet recognised. 
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CHAPTER VII. 

AVOGADRO'S HYPOTHESIS IN RELATION TO 
""PURELY CHEMICAL'' METHODS. 

Wms JirmektbMr ist, mlMm ist «Mi4r.— GoiTBB. 

The fundamental hypothesis of chemistry is Avogadro's 
hypothesis. The molecule, whose relative weight is deter- 
mined on the basis of this hypothesis, is the unit of chemical 
change. The atom is a subordinate idea ; it is deduced from 
the idea of the molecule. The atom is the smallest part of 
an element which is found to enter into the composition of a 
molecule. In this definition of the molecule, and in the 
subordinate definition of the atom, there is the possibility of 
a synthetic philosophy of chemistry which, moreover, can be 
brought into co-ordination with physics. The laws of com- 
bination in multiple and in reciprocal proportions appear as 
deductions from the idea of the atom. 

Not as a believer in atoms and molecule^ but from a 
purely critical standpoint, Ostwald takes another view from 
that just given, of the relation between the molecule and the 
atom. He holds that modem chemistry is a product of two 
hypotheses — ^the atomic hypothesis due to Dalton, and the 
molecular hypothesis due to Avogadro.^ 

This is partly a historical question, and, as such, it will be 
considered in the second part of this essay. For the present* 
one obvious objection to Ostwald's view may be pointed out : 
the unity of chemistry is at stake, just as it was when the 
supposition was made that inorganic and organic chemistry 
were two independent sciences.' The view that the mole-, 
cular and atomic hypotheses are independent of one another 
involves the possibility of molecular and atomic weights which 
have no connection wjth one another. If the independence 
of the molecule and the atom is a tenable doctrine, it has 
never been worked out to tts logical condusioa Red uc ed 
to practice, its results are likely to be cumbrous and hig^y 

> Oitw&ld, ppb 146^50^ 
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unpopular. The sanction of chemists never fias been given* 
and is never likely to be given, to a molecular weight system- 
and an atomic weight system which are independent of one 
another. . ' \- 

There is^ in fact, no advantage whatever in regarding the 
atomic and the molecular hypotheses as independent of one 
another, and no need so to r^;ard them. A relation between 
them has been shown in this essay, it being maintained that - 
molecules are the source of our knowledge of atoms, and 
mdecular weights of our knowledge of atomic weights. In a 
similar way it might be shown that our knowledge of radicals ^ 
is based on our knowledge of molecules. 

In addition to the molecular and atomic weight methods 
the dependence of which on Avogadro's hypothesis has been ^ 
established, there are certain so-called "purely chemical** 
methods. These methods, which are a strong feature of organic 
chemistry, take into conskleration the chemical reactions of 
m substance, a decision being come to thereupon regarding 
the formula of its molecule. I understand Divers to go so . . 
far as to assert that f puijely chemical " methods can be made 
use of , so as to furnish a way of measuring matter, which is- 
quite independent of all other ways, and at the same time, 
that these " purely chemical " methods are sufficient as a basis -. 
for chemical theory. Such is the inteipretation which I put , . 
upon the following passages: — ^ ' 

* The chemical equality of quantities of different sub- 
' stances is independent of all other relations of equality 

between them,''^ uxL therefore^ presumably, independent of — 
the fact that in the gaseous states they occupy the same \ 
volume. 

* It is then only as colligated equalities^ established by 
experiment, that gaseous volumes, osmotic pressures, and~ 
other properties of substances come into consideration, first 

as enforcing thetriith of the conception of the indicated V 
quantities as equal, and then as the means of molecular 
measurement without resort to chemical change. ... It 
is neariy always through recourse to physical, methods that 
the molecule is first ascertained, and then -through the mole- 
cule the certainty acquired that some particular action is a 
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single one, thus reversing the nonnal order of things^ whkh 
undoubtedly is that the molecule in chemistry, however it may 
have been first determined, is recognised as such by being 
what it is in chemical change." ^ * 

Thus Divers r^;ards the molecule as a conception by 
. itself, and the physical means which are taken of arriving at 
the molecular weight as so many short cuts which, if need be^ 
the chemist can do without 

Divers' theory is, I believe, that all chemical changes^ 
when fully analysed, are reactions between pnin of mole* 
cules. "With hardly an exception, all that is stated, oon- 
cemjng the nature of those chemical changes in which two 
or three substances become one, or one becomes two or mote^ 
is based upon notions derived from the study of double deoom* 
position."' ^The quantities of the four substances of a 
single interaction are all equal and are molecules,' but the 
quantities of substances are not equal in other interaction& 
Thfse others are treated as the simultaneous occurrence of 
tWQ or more single interactions, which they can always be 
repiesented and sometimes demonstrated to be. . . • The 
expression 'two or more molecules of a substance' has m 
meaning only as indicating the number of simultaneous or 
successive single interactions which have led to the conversion 
of certain substances into others." ' 

In this essay it is maintained that the basis of our know- 
ledge of molecules is Avogadro's hypothesis If Divers' 
theory of chemistry inevitably leads to the strictures which he 
h{A passed on Avogadro's hypothesis in its application to the 
dietainination of the molecular formulae of the dements, so 
much the worse for the theory, because, as I have shown in 
Chapter VI., nearly all chemists on this very point accept the 
guidance of Avogadro's hypothesis. 

Even apart from this, there are two main objections to 
Pivers' version of the theory of chemistry, namely, in r^;ard 
to his contentions (i) that chemical changes go on between 
pairs of molecules, (3) that chemical formulae can be deter* 
mined independently of Avogadro's hypothesis. 

Much interest has been tkken of late 'years in the 

' Loc. dti p. 8. * Loc. dt., j^ Uk ' Loc. dt, pp^ is*i& 
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mechanism of chemical reactions. The advances which hyre 
been made in our knowledge of the progress of chemical 
change, have arisen largely by the application of Guldberg 
and Waage's law of mass actioa On the basis of this law, 
in fact, there can be established a general way of finding the 
number of molecules that take part in a chemical reaction. 
The results show that chemical reactions are not what they 
seemed ; a reaction, apparently complicated, is found to take 
place in simple stages. On tAe other hand, a reaction some- 
times turns out to be more complex than it was thought to be. 

Far from reducing all chemical changes to a matter of 
reactions between pairs of molecules, modem chemistry 
recognises such reactions as only one of several kinds. A« 
reaction that goes on by a change in single molecules is said 
to be monomolecular, one between two molecules a bimole- 
cular reaction, one between three molecules a trimolecular 
reactioa 

The following insti^Kes are given by Van't Hoff ^ : — 

(i) A monomolecular reaction — ^the decomposition of 
arsinebyheat The equation is AsH, -■ As + 8H, the.^ forma- 
tion of Uie molecules AS4 and H^ being subsequent changes. 

(3) A bimolecular reaction — the, saponification of ethyl- 
aceUte. The equation is CH,COOEt + NaOH - CH,CXX)Na + 
EtOH. 

(3) A trimolecular reaction — that between ferric and 
stannous chlorides. The equation Is SFeQ^ + SnQg • 
SFea,-fSna4. 

I am at a loss to see how the existence of monomolecular and 
of trimolecular reactions. is to be reconciled with the assump- 
tion that chemical reactions are essentially bimolecular. 
Divers' theory can be accepted only on the condition' that 
Van't Hoff's teaching is ignored. 

Furthier, it is often asserted that chemical reactions are 
sufficient to decide the nature of the molecule. Divers refers 
to " the normal order of things, which undoubtedly is that the 
molecule in chemistry, however it may ha^e been first deter- 
mined, is recognised as such by being what it is in chemical^ 
change.'* Far from this being " undoubted," Lothar ^Lcfa 
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has noticed in the most pointed way the attempts of chemists 
to do without Avogadro's hypothesis " That the study of 
chemical reactions for the determination of molecular weights 
without the aid of Avogadro's hypothesis is very deceptive 
and thoroughly inadequate is seen from the fact that mole- 
cular weights which were quite different from Avogadro's 
were for many years used in representing chemical reactioiis» 
and were universally regarded as satisfactory." ^ 

Again, Lothar 'Meyer refers to the " purely chemical "* 
methods as follows : — " The fact that the general adoption of 
the molecular weights, determined by Avogadro's law, was 
only brought about after a careful examination of numerous 
chemical transformations has led to the erroneous conclusion 
that the weight and composition of the molecule of any sub- 
stance can be determined by means of chemical reactions 
alone, without the knowledge of the vapour density of the 
substance."' Lothar Meyer then proceeds to demonstrate 
that the "purely chemical" methods, from a logical stand- 
point, are failures. 

Nevertheless, in accordance with Divers' view, Tilden 
states, "... independently of the existence of vapouris- 
able compounds and of any application of Avogadro's hypo- 
thesis, the atomic weight may in some cases be determined 
by appeal to purely chemical considerations." ' In the case 
of water, the facts and the argument are well known; the 
displacement of the oxygen in water takes place in one stage; 
the displacement of the hydrogen by the agency of potas- 
sium, in two distinct stages. In explanation of these par- 
ticular changes* the formula OH is undoubtedly not so good 
as HaO. 

This is a test case. If the formula HaO t<x water can 
indeed be established independently of Avogadro's hypo- 
thesis, then it is impossible to maintain that the hypothesis 
has the standing in chemistry which this essay claims for it 
If, on the contrary, the hypothesis is indispensable in order 
to establish the formula, then the conclusion, that Avo- 
gadro's hypothesis is the fundamental hypothesis of modem 
chemistry, is greatly reinforced 



* " Modem Tbeocks orCbemiitrjr,** tnas. bgr Bedson and WttliuH, iSSS^ pi ij, 
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The above method of proof must not be confined to water. 
On hydrofluoric acid the action of potassium is similar to its 
action on water — ^the hydrogen is expelled in two stages ; n6 
reagent is known which expels the fluorine in two stages. 
' Nevertheless, hydrofluoric acid receives the formula HF, or 
H,F, (F » 19), but never H,F (F » 38). It appears that 
the proof which is good enough for water is not good enough 
for hydrofluoric acid 

For rejecting the analogy just detailed, between the 
' reactions of water and hydrofluoric acid, there can be found 
an excuse, if not a reasoa This is, that the two intermedi- 
ate products, potassium hydroxide and add potassium fluoride, 
' on being heated, behave di£Ferently. The fluoride yields 
hydrofluoric add, but the hydroxide does not yield water. 

Another reaction of water tells a different tale ; potassium 
is not the only substance which displaces the hydrogen in 
water. By the agency of caldum it is possible to get from 
water a product, caldum oxide, which is free from hydrogen. 
True, there is an intermediate product, caldum hydroxide, 
but this, on being heated, loses water and yields caldum 
oxide. The analogy with hydrofluoric acid is complete. For 
water, the OH formula, as an explanation of the reaction 
with cakinm, is better than the formula H9O ; this is con- 
firmed by the analogy with hydrofluoric add. What occult 
influence is at work, which determines that this reaction shall 
be ignored and that reaction considered? Why accept the 
formula HF and reject the formula OH? The answer, I. 
-suspect, must be that any formula which happens to be at 
variance with Avogadro's hypothesis is, %p$o facio^ rejected. 

Nor is this alL Weighty as these objections to the 
"purely chemical" method are, they may be waived, and 
still the method remains open to critidsm. The chemical 
equations for the formation of potassium hydroxide are :— 

Taking the formula OH, K + 20H -KOOH + H. (i) 
„ n H,0, K4-H,0 » KOH 4-H. («) 

Evcfl if the ionic bypotbois does involve n i^etnrn to the cqMtion 
K•flItO«KOH•^H, it b not acuntt (ho ■dherenU of that liypothetM that 
thnri it tar "m^ ^ tticrt the importtaot in chemittiy of Avqgidfo*t 
IqrpoUwttt. The ionic hypotberit, tt defined fay Anfaenint, it btied on, the 
Van*! Hoi^ATOfidio tbeofjr of iolntion» wbicb it tfanplf an titcmiwi of 
A^pcftdraTt hjrpMlMiid lo ditaie toMent* 
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Equation (3), being simpler than (1)^ is doubtless to be 
preferred Yet neither of these equations is used now— (see 
footnote, p. 48). 
The equation that is used is: — 

2K + 2H,0-2KOH4-H,. (3) 

Of these equations* (3) is still Uie simplest Even 
equation (i), which involves the fomula OH, is simpler than 
(3), the current equatioa 

Here, at every turn, the principle of simplicity seems to 
be compromised Yet the explanation of all these perplexi- 
ties is easy. The truth is, that the " purely chemical ** proof 
of the formula of water, as given above^ is out of date. It 
holds good only while the distinction, now established* 
between the atom and the molecule of hydrogen is ignored 
That distinction, of course, is an immediate consequence of 
the adoption of Avogadro's hypothesis In the cunent inter- 
pretation of chemical reactions there is a great principle at 
work.' The condition of simplicity is saved, and the testi- 
mony of conflicting reactions is reconciled by the consistent 
application of Avogadro's hypothesis. 

So far, the two positions which have been maintained in 
this essay are: (i) thai Avogadro's hypothesis may not "be 
regarded as a well-estaUished truth," but remains a hypo- 
thesis, (3) that Avogadro's hypothesis being almost universally 
accepted by chemists has so many fruitful issues that it is the 
" very basis and comer-stone " of chemistry. It is the basis 
of our knowledge of molecules and radicals and atoms^ 
Molecular weights being ascertained, and then a^Mousc 
weights, the periodic system becomes possible The duef 
issues of the hypothesis are the molecular theory, inchiding 
the modem theory of solution, the atomic hypothesis^ the 
doctrine of valency, and the periodic system-^the last a per- 
petual source of speculation and experimeiit " Was fcudil- 
bar ist^ aUein ist wahr.** 
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The Standing in Chemistry, of 
Dalton's Atomic Theory. 



CHAPTER VIII. • 
INTRODUCnori. 

Qm0it MMi /^f^t inir Sls-jt, ini h jmiir du pmrtla^ d$ din pu fwtr/ 
Act iT tiu^rd A mmm du Urmst r^mmmu dmi 90m mms, pumd vtm 
Ha emtirmhtt dnu k stm. Met /hvs $u rtp^tdinrnt rim.— Pascal. 

The first part of this essay consists of an enquiry into 
the standing in chemistry of AvQgadro's hypothesis. The 
distinction between law ajnd hypothesis recognised, it is shown 
* ^ that the term AvOgadro's *' law ** is a misnomer.__ The 
molecular theory of chemistry consists of a development of 
Avogadro's hypothesis. In this way the hypothesis has the 
following issues, the doctrine of radicals) an atomic hypothesis, 
the doctrine of valency, and the periodic system of the 
elements. The second part of this essay is devoted to the 
consideration of the standing in chemistry of Dalton's theory. 

For raising the question of the standing in chemistry of 
~ Dalton*s atomic theory, a justification lies in the discrepancies 
be tw een the opinions of chemists on this very subject 
Divers' verdict, already quoted, is, that "the theory of 
chemistry, with all its modem developments, is indisputabfy 
the atomic theory of Daltoa" According to Pattison Muir, 
"the modem molecular theory of matter is not identical with 
the atomic theory of Dalton; it is based on evidence of a 
different kind, it is essentially a physical and dynamical 
theory."* - ^ 

On this question few of the chemists who take a view 
' favourable to Dalton have expressed themselves more 

\ f rindp kt €f Chcmiitiy, M^ V* 9^ 
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explicitly than Thorpe. His words are: — ^"Whaterer may 
be the ultimate fate of the theory which found deliberate 
expression in the 'New System of Chemical Philosophy/ 
... it is certain that the ages to come will reckon it as 
the central, dominant conception which has actuated the 
chemistry of the nineteenth century. The characteristic 
feature of the chemistry of our time is, in a word, the 
development and elaboration of Dalton's doctrine ; for every 
great advance in chemical knowledge during the. last ninety 
years finds its interpretation in his theory.** ^ 

Again, Ostwald, having discussed the atomic hypothesis^ 
and going on to discuss the hypothesis of Avogadro, qpeaks 
as follows of the relative importance of the two hypotheses^ 
" Just as the laws of weight in chemical processes* so also the 
laws of volume in the interaction of gaseous substances have 
given rise to mechanical hypotheses, which have played a 
similar though not so important a part in the development 
of chemistry as the atomic hypothesis."* Here Ostwald* 
regarding chemistry as the product of two independent hypo* 
theses, the atomic due to Dalton, and the molecular due to 
Avogadro, gives the palm to Daltoa 

Thus Divers, Thorpe, and Ostwald are agreed in thinking 
that Dalton's ideas have been valid throughout nineteenth 
century chemistry. A question which such authorities are 
agreed upon might, without " excessive awe of authority," be 
r^^arded as settled. I should so r^^ard the present question, 
were it not for one circumstance that looks suspicbusw This 
concordance of opinion as to the validity of Dalton's ideas is ^ 
not accompanied by uniformity in stating what his ideas are. 

Avogadro's hypothesis readily admits of precise definiti<Mip 
on which account it was taken into consideration in this essay 
before Dalton's atomic theory. In considering the standing 
in chemistry of Dalton's theory, there is, in fact, a difficulty* at 
the outset Strange as it may seem, the difficulty is neither 
more nor less than to find out what the theory really is. 

Divers' account of Dalton's atom is as follows : — " Dallon 
gave us the conception of the molecqle, though confused with 
that of the atom,*** and a^;ain, " Dalton's atoms were both the 

; - . 
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atoms and the molecules of present-day chemistry, bat much 
more the latter than the former." ^ 

A different view of the Daltonian atom is taken by 
Ostwald. He r^^ards chemistry as the product of the 
molecular hypothesis^ due to Avogadro, and the atomic hypo- 
thesis^ due to Daltoa So that, for Ostwald, tlie Daltonian 
mtom is the modem atom. 

Thorpe, in his " Manual of Inorganic Chemistry," appears 
to take a view similar to Ostwald's. After detailing the laws 
of chemical combination by weight, Thorpe explains' the 
atomic theory, and refers to the indivisibility of the atom. 
With all this he associates the name of Daltoa The treat- 
ment of the subject of the atom in such a way surely affords 
a presumption that Thorpe holds Dalton's atom to be the 
modem atom. 

All this does not make it easier to find out what Dalton's 
theory is. Doubtless, the chemists who hold with Thorpe . 
and Ostwald that Dalton's^ atom is the modem atom are the 
more numerous body. ' On the other hand one feels instinc- 
tively, so much is the molecule the predominant idea in^ / 
modem chemistry, that Dalton's ideas have lost their 
ascendency, unless his atom is the modem molecule. 

The case stands thus: there are two questions at issue — ^ 
first, what Dalton's theory is, second, the question as to the 
ffatviing of the theory. The first question is the crucial 
one ; it answered, the rest is easy. The odd thing is that 
chemists should show much greater unanimity about the 
second question than they do about the crucial one. Thorpe 
regards Dalton's atomic theory as "the central, dominant 
conception ** of nineteenth century chemistry. Divers regards _ 
modem chemical tlieory as " indisputably the atomic theory 
of Daltoa" Ostwald regards chemistry as the product of 
two hypotheses, of which Dalton's atomic hypothesis is the 
more important historically. Here, more or less, Thorpe, v 
Divers, and Ostwald are at one. It is on t^ crucial question 
that they are at variance. 

Divers and Ostwald agree that in chemical theory the 
molecule is important; on this point, in his eulogy of Dalton, ~ 
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Thorpe is silent Again, Dalton's atom, according to Divers^ 
is the modem molecule; the modem atom, according to 
Ostwald. 

" Who shall decide when doctors disagree?" Much as a 
definite understanding about the rudiments of chemistry is to 
be desired, it is plain that to such an understanding chemists 
have not yet come. Till they do, and until the "glorious 
uncertainty" as to what is Dalton's theory is somewhat 
lessened, I fail to see how positive statements, that " the ages 
to come will reckon Dalton's theory as the central, dominant 
conception which has actuated the chemistry of the nineteenth 
century," and that "the theory of chemistry, with all its 
modem developments^ is indisputably the theory of Dalton," 
can be received with anything but. distrust How can 
chemists maintain, as a forgone conclusion, that Dalton's 
theory is predominant in chemistry, no matter what the theory 
be? 

In considering scientific doctrines, some definite conceptioo 
or other of science must be kept in view. In the course of 
the argument, as a guiding principle or touchstone, I use the 
dictum that " science is measurement** This dictum can be 
illustrated by considering the ways of treating the ideas of 
time and space. Science, so understood, has little to do with 
definitions of time and space in the abstract The man of 
science proceeds by defining standards* which serve in the 
measurement of time and space. 

Observe the bearing of this conception of science on 
chemistry as the science of molecules and atoms. The 
scientific conception of the molecule is that which implies a 
means of measuring molecules. This is just what Avogadio's 
hypothesis comes to; it implies a way of measuring the 
relative weights of different molecules. Moreover, molecular 
weights once ascertained, atomic weights can be arrived at 
Hypotheses which lead only to uncertainty about molecular 
and atomic weights are, for that very reason, inferior in 
scientific value to Avogadro's hypothesis. 

Here the questions at issue become sharp enough. There 
is first the question, what are the points of difference between 
Avogadro's hypothesis and, Dalton's theory? And the 
further question, can Dalton's theory rival Avogadn/s l^po- 
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thesis as a basis for the cardinal doctrines of chemistry: is it . 
as good as the hypothesis, or not so good, or better? 

This two-fold problem, apparently plain, is entangled b^ 
another oonsideratioa Thorpe is willing to entertain the 
conjecture that Avogadro's hypothesis should be ascribed to 
Dalton. His words are, " This perhaps is not the time and ^ 
the place to discuss the question of whatever claims John 
Dalton may have to be the first to recognise the fundamental ' 
truth embodied in the statement that gases, under comparable 
conditions, contain in equal volumes equal numbers of mole- 
cules, whatever may be their nature and their weight" ^ I 
am not aware that Thorpe has ever found occasion for the 
discussion of this questioa G>nsidering that this hypothesis 
is regarded by many chemists as the comer-stone of chemistry, ^ 
and that almost all chemists ascribe the h3^thesis to Avo- , 
gadro^ it is strange that Thorpe should throw out vague hints 
as to Dalton's claims to the hypothesis, and be content to 
leave the matter there. 

The original exponent of Dalton's claims to the hypo- - 
thesis is Debus. With no uncertain sound, he asserts and 
maintains that the said hypothesis was the germ and_guiding 
principle of Dalton's theory.' 

Thb is a subject of great interest. What Debus main- • 
tains is that Avogadro's hypothesis should be ascribed, not to . 
Avogadro, but to Daltoa If this be so, there is no material 
disagreement between those who maintain, with Cooke, that 
Avogadro's hypothesis is the fundamental hypothesis of 
modem chemistiy, and those who maintain, with Divers, that — 
" the theory of chemistry, with all its modem developments, 
it indisputably the atomic theory of Daltoa" If Debus' 
contention be at all sound, those who side with Cooke against 
Divers find themselves stultified Proofs^ 0ne and all, that 
the so-called Avogadro's hypothesis is fundamental in 
chemistry, only redound to the credit of Dalton. If, on the 
other hand, Debus should prove to have been mistaken, then 
the disagreement be twe en Cooke and J)ivers is material after 
nIL ^ 

In Older to come to a decision on the question, what is 
the standing of Dalton's theory in chemistry, the design of 

^TlMipib pb 511. 'ZdtidHift, Ht 3$9bait 3S5, Ht 16ft. 
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this part of the essay is, first, to ascertain, as exactly as pos- 
sible, what is the essence of his theory, and at the same 
time to consider the above contention of Debus; next, to 
consider the test of the .theory which experience supplies, 
namely, the history of the chief systems of chemistry ; lastly,, 
an attempt will be made to ascertain how much of Dalton's 
teaching is stfll in vogue. 
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CHAPTER IX. 
THE ESSENTIALS OF DALTON^ THEORY/ 

Im chno PtUltmi wUemx in^^iurt dmu kttr jMrfn.»PASCAL. 

In this chapter the object being to arrive at the sum and 
substance of Dalton's theory, the design is to consider first of 
all what Dalton understood by an atom ; then, to show the 
nature of the Daltonian atom in the dearest possible light, 
by comparing it with the modem molecule and with the ~ 
modem atom. G>nsideration will be given next to Dalton's 
system of chembtiy, and finally to Debus' contention that 
Avogadro's hypothesis enters into the structure of Dalton's 
system. 

In carrying out this design, there are features of Dalton's 
theory on which I shall not dwell He was the great pioneer 
of a scientific atomic theory. From pioneers, infallible 
instinct and unfailing accuracy are not to be expected. 
There are, in fact, certain accidental features of Dalton's 
system which are liable to prove a mere distraction to the 
inquirer. The important facts of the case are obscured if 
the inquirer is misled into laying stress on these features 

For the present purpose an inquiry into the genesis of 
the theory is unnecessary. This is fortunate, because the ' 
trains of thought which Dalton is said to have followed in 
forming the theory are so numerous that they can hardly all 
be genuine. Here it is sufficient to say that he had the^ 
matter under almost constant consideration between 1803 
and 1808. He embodied the theory in the " New System of 
Chemical Philosophy," of which volume i, part i, was 
published in 1808, volume i, part 3, in 1810^ and volume^ 2, 
part I, in 1837. 

I have already had occasion (Chapter III.) to comment 

on Divers' readiness to sever all oormection between the 

"mechanical,'* or kinetic thtoy of matter, and the atomic 

theory of chejoiistry. Admitting that Dalton's "mind was 

folly possessed wiUi the ancient and current belief . . . 

that substances are made iq> of minute^ discrete particles^** 

Dhrei^ nevertheless, fonnulates a theoiy which is "divested 
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of all reference to the physical constitution of matter,** and 
this he advances as being the essence of the Daltonian theory. 
I have pointed out that to call a theory which makes no 
reference to the physical ' constitution of matter an atomic 
theory is an abuse of language. Consequently, with sodi a ' - 
theory, be its intrinsic merits or demerits what they may, 
chemists will be chary of associating Dalton's name. A 
theory which is not even atomic, cannot be the Daltonian / , 
theory. 

Dalton was a leader of scientific thought regarding the 
constitution of matter. There is no reason to think that he ^\ 
so much as dreamed of a distinction between the chemical 
and physical constitution of matter. If this were the place \ 

to consider the genesis of Dalton's theory, it could be shown 
that the general doctrine that matter is made up of atoms was 
applied by Dalton to the consideration first of purely physical ^ . 
phenomena. From this as a starting point he was led to 
the consideration of chemical phenomena. Once formed, 
his theory was not an exclusively chemical one. Dalton 
offered to explain the structure of matter, taking into account 
both chemical and physical properties Thus, after adduc- 
ing chemical evidence that " no two elastic fluids, probably, 
. . . ' have the same number of particles, either in the same 
volume or the same weight,"** Dalton goes on to show that 
" the quantity of heat belonging to the ultimate particles of 
all elastic fluids must be the same under the same pressure ' 
and temperature.** ^ 

The structure of matter, and the chemical changes which 
it undergoes* Dadton explains in terms of atoms. In his . 
mind's eye he analysed adl matter into compound or simple 
atoms of different kinds, and these compound atoms finaJly 
into simple atoms which could not be analysed further. 
These simple atoms are the basis of his systenL 

One of the great characteristics of Dalton's atom was ^ 
that it could not be split. In Henry's " Memoirs of Dalton," 
an account is given of a conversation with Dalton that shows 
how much his mind dwelt on thb idea. . Dalton "concluded 
with a few remarks on the ternary compoundi» and alluded 
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to the peroxide of hydrogen as one ; ^ pointing out ikkt in thsu 
UU prhufi^ of MULTIPLE PROPORTION exisUd, for, as 
he iiki with great naivety 'thou knows IT MUST BE SO/" 
for no man can 9^%t an aUmu* I ventured, however, to allude 
V to the sesquioxides, but was at once silenced by his answer, 
•Yes, but THEY are 3 atoms to a.'" « 

Dalton was the pioneer of a scientific atomic theory; 
beyond doubt, ever since he made known his theory, chemists 
, ' hAve made constant use of the word ^ atom.** It does not ^ 
therefore foUow that the atomic theory is due solely to 
, Dalton ; the word " atom " did not originate with him Even 
, more imix>rtant than the word is what the word means. To ^ 
. the adherents of the kinetic theory of gases it means one 
thing, it meant another thing to Dalton, and yet another to 
LucretittSb 

It is unfortunate that the words atom and molecule are 
used sometimes a^ meaning the same thing. The chemist . 
recognises the existence of the molecule of oxygen and also 
of the atom. This distinction between the atogiJiaid the 
. molecule being established, it is not only convenient, but 
imperative^ to mark the distinction, )>y using the two words - 
in different ways. 

Given the idea of the chemical elements, what is the J 
difference between the way in which they are regarded by 
modem chemists and by Dalton? The modem chemist 
recognises atoms of two orders; he analyses the elements- 
. into " molecules^" and then the " molecules " into " atoms." ' 
y The picture in Dalton's mind was not quite the same ; for - 
htm,theelementsoonsistedof but one order of particles. The . 
questkm then arises^ is Dalton's atom the. same in idesTas 
the modem molecule or the modem atom? 

The answers to this question are usually more d€>gmatic 
than reasonable ybt question is decided off-hand, as if no 
other answer were "possible than the particular 9ne givea 
Ostwald holds that Dalton's atom is the modem atom. 
Divers states that " Dalton's atoms were both the atoms knd 

^ Hal tad O^Sk m tlMt wateri OH, nat % Mmtf oompoond,. ■nd 

■JQiq^MI pVBmWi Iwff * MRMI7 CWipW iPQ« 

^HiBif, pb SSS. 
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the molecoles of present-day chemistry, but much more the 
latter than the former." These are so many confessions of 
faith, which afford no ground of reasonable belief More- 
over, there is evidently need as well as scope for a careful 
examination of the question, inasmuch as the convictioii of 
^Ostwald is at variance with the conviction of Divers.. 

The modem atom is a subordinate idea, inasmuch as it is \ 
based on the idea of the molecule. Our knowledge of atomic 
oxygen is almost entirely derived from our knowledge of the 
different molecules which contain oxygen; we have almost 
no knowledge of oxygen in the state of free atoms. Dalton's 
atom was an independent and not a subordinate id^a. E[is 
conception of the atom could give him no insight into the 
modem atom as dependent on the molecule Of oxygen in 
the atomic state, different as it is from molecular oi^gen, 
Dalton had no notion whatever. 

This much more there is in common between Dalton's 
atom and the modem molecule, that the two are the units of 
chemical actioa Water is formed according to the modem 
chemist from molecules of hydrogen and oxygen, from atoms 
of hydrogen and oxygen according to Daltoa 

In one important respect the two conceptions differ, 
namely, that Dalton's atoms were indivisible, whereas the 
modem molecule may be split According to Dalton, one 
atom of ox>^en codd form not more than one compound 
atom of water. The modem molecule of oxygen, yielding 
with hydrogen two molecules of water, is divided into two 
parts. To this conception of a molecule of oxygen divisible 
into two parts; Dalton would have given short shrift His 
devotion to his own conception was perfect; he said, *'No 
man can split an atom." In this respect Dalton's atom and 
the modem atom are much the same, the modem atom being 
something that has not been split Here a qualification is 
needed. The modem atom is a more pliable conoepdoQ 
than Dalton's, and means simply the limit of the division of 
ordinary matter.^ 

^ Y. cb«pcer V., pp, 39-3a 
Diren aiterU that " Dalton distiiictly gnanied hiintdf agaiMt 
midcntood to daim for the atom more than diemkil indhriiifaili^'* Dhvob 
p. 5. Thii, witboQt qootatioa of Dalton's woida, or even of the idncMib 

Hating commankatod with Dr. DiTon, I do not andentand ldB^ fa Mm 
reply, to ihow any intention of maintaining the ahovt porition. 
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The result of the inquiry is, that Dalton's atom, in being 
\^ indivisible, is like the modem atom, and like the modem 
" J T molecule in being an independent conception, and in being 
the unit of chemical action. 

. In this connection I must mention a phrase -of Divers' 
which can no longer be allowed to pass without challenge. 
' Divers says: — " Dalton gave us the conception of the mole- 
cule though confused with the idea of the atom.**^ In 
science^ eonfitsed is nothing if not a term of reproach. It is 
a strange word to use in qpeaking of the conceptions of a 
kgical intellect like Dalton's, above all, a strange word in the 
mouth of a critic who decides that the "modem theoiy of 
>- chemistry is indisputably the atomic theory of Dalton" Any^ 
^ ) - theory which is based on a confused idea, must, I submit, be 
, a confused theory. . 

t At the point of view from which I suggest that Dalton's 

' atom should be looked at, there is no need to call it a con-* 

fused idea. Sur^y it was a unique idea ; it was something 

that could not be split, and that was the unit of chemical 

actioa Combining ideas that we now keep separaterDaltoh's 

^ atom is partly like the modem atom smd partly like the 

^ modem molecule. In general, it is impossible to say that 

the Daltonian atom of an element is either the modem atom 

or molecule of that element There are, nevertheless, at the 

present day certain elements whose molecules realise Dalton's 

conception All molecules which have never been divided 

< do this; for instance, the molecule of mercury. Howeverr 

the monatomic molecule, while it satisfies his conception of 

the atom, is a special case. 

Dalton used the word atom in connection with elements 
and also compounds. On this point, which will be taken up 
later, I may for the present simply quote his own words: — 
"I have chosen the word atom to signify these ultimate 
partides, in preference to Article, moUcule, or any other 
diminutive term, because I conceive it is much more expres- 
sive ; it includes in itself the notion of indtvisiUe, which the 
other terms do not It may perhaps be said that I extend 
the application of it too far, when I speak of compound 
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atoms; for instance, I call an ultimate particle of earhomc 
acid a compound atom. Now, though this atom may be 
divided, yet it ceases to be carbonic acid, being resolved by 
such division into charcoal and oxygea Hence I conceive 
there Cs no inconsistency in speaking of compound atoms, and 
that my meaning cannot be misunderstood." ^ 

Assuming the combination of atoms in definite propor- 
tions, Dalton is able to explain the laws of multiple and 
reciprocal proportions. The atoms are the units of chemical 
action; between simple atoms, chemical action gives rise to 
compound atoms. Two dififerent atoms combining with one 
another, numerous repetitions of this event yield a finite 
amount of a particular substance. A second substance may 
arise by the union of an atom of one kind with two of 
another. Dalton expresses himself as follows: — ^"If there 
are two bodies, A and B, which are disposed to combine, the 
following is the order in which the combinations may take 
place, beginning with the most simple, namely : — 
I atom of A + I atom of B " i atom of C, biliary. 

1 atom of A + 2 atoms of B » i atom of D, ternary. 

2 atoms of A + I atom of B " i atom of £, ternary. 

I atom of A + 3 atoms of B "> i atom of F, quaternary. 

Etc., Etc" 

In arriving at the formulae of compounds, Dalton made 
use of a set of rules, and it is these rules which form the 
arbitrary features of his system. They are as follows:— 

" The following general rules may be adopted as guides 
in all our investigations respecting chemical synthesis^ 

" 1st When only one combination of two bodies can be 
obtained, it must be presumed to be a htnary one^ unless some 
cause appear to the contrary. 

"2nd. When two combinations are observed, th^ must 
be presumed to be a binary and a tirnaiy. 

"3rd. When three combinations are obtained, we may 
expect one to be a Unary and the other two ternary. 

"4th. When four combinations are observed, we should 
expect one binary^ two ternary^ and one quatemary, etc 

"5th. A binary compound should always be ^Mcifically 
heavier than the mere mixture of its two ingredients. 

* New View of Dtlton't AtornkTbeoty, Roeeoe end IIerdcB» 1896^ ppw lii-s. 
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/* ^ "Cth. A ternary compound should be specifically heavier 
than the mixture of a binary and a simple^ which would,>if 
combined, constitute it ; etc" 

It may be pointed out now how these rules justify 
* Dalton's extension of the word atom' to compound substances. 
His seventh and last rule is : — " The above rules and obser- 
vations equally apply, when two bodies, such as C and D, 
D and £, etc, are combined" ^ Thus the compound atom 
C» OH reacting chemically with another atcm, did not undergo 
division. 

I atom of C + I atom of D " i atom of G. 
In Dalton's mind, therefore, chemical combination was 
J essentially additive, and not of the nature of double decom- 
positioa 

Divers, inasmuch as he declares that " the theory of 
chemistry, with all its modem developments, is indisputably 
the theory of Dalton,^" may justly be held responsible for any 
want of conformity between his own account of the modem 
theory, and. Dalton's theory. Divers maintains that chemical 
change is essentially a matter of double decompc^ition, two 
molecules on reaction yielding two molecules Dalton 
legarded chemical combination as 'addition, pure and simple, 
two atoms on combination yielding one 

On the above rules two remarks may be made. In the 
first place, the rules are in accordance with the laws of 
chemical combination by weight, so that Dalton's theory is 
adapted to express the gravimetric composition of matter. 

Second, except in rules 5 and 6, there is no reference to 
the composition of matter by volume. On this topic Dalton's 
views will now be considered - -~ 

Dalton's theory, on his own showing, was incompatible 
with what we know as i^vogadro's hypothesis. It is easy to 
prove this. It is much less easy to understand why chemists 
should give accounts of Dalton's theory which' pass over this 
inoompatibihty as a thing of no importance 

In the course of his reflections upon atoms, Dalton 
undoubtedly took Avogadro's hypothesis into .consideratioa 
His own account of the matter is to be found in the "New 
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System of Chemical Philosophy." "At the time I formed 
the theory of mixed gases, I had a confased idea, as many • 
have» I suppose, at this time, that the particles of elastic 
fluids are all of the same size ; that a given volume of oxygen- 
ous gas contains just as many pmrticles as the same volume of 
hydrogenous ; or if not, that we had no data from which the 
question could be solved. But ... I became convinced 
Uiat different gases have not their particles of the same size.** ^ 

The essay on "The G>nstitution of Mixed Gases" was 
read in 1801, the " New System of Chemical Philosophy " was 
published in 1808, and Avogadro's paper in 181 1. Between 
1801 and 1808, therefore, Dalton took into consideration and ^ 
rejected as untenable the very hypothesis which Avogadio 
espoused in 181 1. 

The ground of this objection is given by Dalton as 
follows : — ^" It is evident the number of ultimate particles or 
molecules in a given weight or volume of one gas is not the 
same as in another; for, if equal measures of azotic and 
oxygenous gases were mixed, and could be instantly united 
chemically, they would form nearly two measures of nitioits 
gas, having the same weight as the two original measures; 
but the number of ultimate particles could at most be one- 
half of that before the unioa No two elastic flttids^ pro-. 
bably, therefore, have the same number of partides^ either in 
the same volume or the same weight" * 

In view of the repudiation of Avogadro's hypothesis in 
1808, contained in Dalton's exposition of the atomic theory, 
there would seem to be little ground for the supposition that 
in the structure of the theory Dalton made any use of the 
hypothesis. Notwithstanding, Debus maintains the con- 
trary, and goes so far as to say that by 1810 Dalton had - 
reconsidered the matter and accepted the hypothesis. Here 
I am very little concerned about the question if Dalton made 
any use of the hypothesis during the early days of the theory. 
For.the purposes of this essay the important thing is to find 
out if there are any grounds for the supposition that by 1810 
Dalton had solved the objections, and abandoned the oonvic* 
tion of 1808. 
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Debus denotes Avogadro's hypothesis by the symbol 
M/S » C His case is as follows. He first quotes Dalton's 
maxim, namely, "TAa/ tvtry species of pure dastic fluid' has 
its partides globular and all of a size ; but that no two species 
agree in the size of their particles, the pressure and tempera- 
ture being the same." Debus then proceeds: — " So Dalton 
wrote in the first part of his work, which was published early 
in the year 1808. In the second part, the preface to which 
was written in November, 1810^ the atomic composition of 
the oxides of nitrogen and of carbon is determined by means 
of the hypothesis M/S » C, and on p. $60 five gases are 
specified, which have absolutely the same molecular volume.^ 
Thus Dalton must have found cause, subsequent to the year 
1808, to abandon his masom." * 

In saying that Dalton determined the atomic composition 
of the oxides of carbon by means of the hypothesis M/S " C, 
what Debus means is, that Dalton, knowing that carbon 
dioxide is the heavier of the two oxides, inferred that it was 
the more complex compound Debus remarks : — " Thus the 
jcomposition of carbon dioxide was given by -the formula 
COa, of carbon monoxide tyy the formula CO. Such a 
conclusion can be derived from the specific gravity of gases 
only if equal volumes of the gases contain the same number 
of molecules"* 

I should have thought it quite possible that Dalton derived 
the composition of the two oxides of carbon as above, without 
believing in the M/S •> C hypothesis, but Debus does -not 

* Of the difieient fHet known to Dalton in iSio^ five, it leemt, had 
•stctljr the tune molecalar volome, w that ptetomably, aU the other faset bad 
diflerent molecnlar volomet. Hydrogen, he thoqght, had aboat Jtwioe the 
nolecdar volimie of oxygen. ▼. p. 65. 

' So acfarieb Dalton fan errten Teile teinet Werket, der im FrShjabr 1808, 
bcfaaakain. Im tweiten Teile, detien Vonede in November 1810 getchrieben 
ist, wild die atomtatische Ziikmmensetrang der Oxyde des StickstoA uid dei 
KoMenttoft mitteb der Hypotheae M/S-C bestimmt Und avf S. 560 werden 
Anf Gate a«%elahrtj die abtolvt gleidiet Molecidanroliunen betitaen. Dalton 
■ram alto nacb dem Jahre 1808 Grinde entdeckt haben, welche die Anfhebang 
■dner Masime vemnlamten. Zetttchrift, S8, 285. 

* Die Kohlentiore wire alto nacb der Formel 00„ dat Kohlenoayd nacb 
der Foimtl GO tntammeivetetit Eb tolcher Sdihut ttmt licfa nar dann am 
den ipeiifit c he n Gewiditen der Gate ableiten, wenn in gleidien Vohunen 
dtnaiben eine gMcbe Anaahl von Nolekein cntfaalten itt Zdttduift, Si, 335. 
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think $0. However, there are two objections to Debus* 
opinioa The first objection is, that the evidence is indirect 
Debus adduces only circumstantial evidence as to Dalton's 
belief. The case amounts to this, that in certain passages 
of the "New System" of 1810, a belief in the M/S » C 
hypothesis is implied Debus cannot maintain that in 18 10 
Dalton said, "I now believe in this hypothesis.** I think 
Dalton, if he had come by then to believe in the hypothesis^ 
would have said so. 

The second objection is that Debus' opinion is very hard 
to reconcile with Dalton's attitude towards Gay-Lussac*s law. 

The law was published in 1809. ^^ i^Ki, in the "New 
System," Dalton makes strictures on the law, and comes 
to the following conclusion : — ** The truth is, I believe; that 
gases do not unite in equal or exact measures in any 
one instance ; when they appear to do so, it is owing to the 
inaccuracy of our experiments. In no case, perhaps, is there 
a nearer approach to mathematical exactness, than in that of 
one measure of oxygen to two of hydrogen; but here, the 
most exact experiments I have ever made gave 1*97 hydro- 
gen to I oxygea" * 

Among chemists, the firmness of Daltoin's antipathy to 
Gay-Lussac's law is not enough knowa Tilden says» " Gay- 
Lussac's facts have always been admitted, except tot a time 
by Daltoa" ' Reference is made to the law in vdume 3» 
part I, of the "New System," published in 1837. DalUm 
mentions the " combination of gases in equal volumes, and in 
multiple volumes. . . . The cases of this kind, or at least 
approximations to them, frequently occur; but no principle 
has yet been suggested to account for the phenomena; till 
that is done I think we ought to investigate the facts with 
great care, and not suffer ourselves to be led to adopt these 
analogies till some reason can be ' discovered for thenu**^ 
How unwilling Dalton was to admit the truth of Gay-Lussacfs 
law, these words show. If they imply an admission, no 
admission could well be more grudging or more guarded 

Debus gives an explanation of his own of this rooted 
antipathy to Gay-Lussac's law. He points out that in 

Dalton's system water was OH, nitric oxide NO» and 

— — ■ - I - — — " — ^_i_ 

* A. C. R., ib 17. ' Short Hirtorjr, p. d. ' HoBTf p^ W» 
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J' ammonia NH. Then, retaining the fonnulae OH and 
^ ' NO, and granting Gay-Lussac's statement that ammonia 
consists of I volume of nitrogen to 3 volumes of hydrogen, 
. Debus goes through a train of argument to show that ammonia 
■; is N^Ha. " For the composition of ammonia, Dalton's prin- 
ciples bespoke one atom of each element There is a con- 
tradiction here. Dalton had to choose between Gay- 
Lttssac's law of volumes and his atomic theory, ... he 
threw over Gay-Lussac's law." * 

Among the objections that Dalton does adduce to Gay- 
Lussac's law, I find no sign of the train of thought given in- 
all detail by Debus. Even if the argument^in itself be above 
' suspicion, there is the objection to it, that it is quite unauthen- 
tic, and seems to have originated entirely with Debus. Yet, 
comparatively, this b a matter of slight importance. The 
fact is, and this is the important thing, that Debus holds that 
at one and the same time Dalton could be a believer in 
Avogadro's hypothesis and not in Gay-Lussac*s law. Given 
the law of constant'proportions, everybody, with the exception 
of Debus, recognises that Gay-Lussac's law is~a necessary 
consequence of Avogadro's hypothesis. Consequently, I can 
only suppose that the hypothesis is understood by Debus in* 
some esoteric sense, and to him does not mean what it does 
' to other people. 

In contrast to Debus, Dalton recognised that the associa- 
tion between the hypothesis and the law b of the closest 
Idnd ; in fact, he regarded them as tantamount to one another. 
I can only regard Debus' supposition that Dalton believed 
in Avogadro's hypothesis in 1810 as improbable in the 
extreme, inasmudi as Dalton, while rejecting Gay-Lussac's 
law, idoitified the law with the hypothesis. In'iSia in 
the course of ^his strictures on Uie law, he refers to 
his repudiation of the hypothesis in 1808:— "Gay-Lussac 
could not but* see that a similar hypothesis had been 
. entertained by toe, and abandoned as untenable; however, . 
I. as he has revived the notion, I shall make a few observations 

>Odloa'f Gnndaiie vcrki^M Itkr Amnooiak da Atom voo jedem 
EkMBt Hicr iit da Widenprndi. Ddtoa baUe tbo dit WaU twbdiea Gay 
Tnwri VolnMafCMU aad tdaor Atoaibeorit • • • to 
Gir I'MMi VofaMMOtcMli. ZdlMhria, Mb 37$^ 
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upon it, though I do not doubt but he will soon see its 
inaccuracy." And again, Gay-Lussac's " notion of measures 
is analogous to mine of atoms ; and if it could be proved that 
all elastic fluids have the same number of atoms in the same 
volume, or numbers that are as i, 2, 3, etc, the two hypotheses 
would be the same, except that mine is universal, and his 
applies only to elastic fluids." ^ 

Dalton's proceeding, in rejecting Avogadro's hypothesis 
and Gay-Lussac's law alike, fixes the character of his theory. 
It was a theory primarily and almost exclusively of the com- • 
position of matter by weight 

Clerk Maxwell aJso identified Gay-Lussac's law and Avo- 
gadro's hypothesis. He first states the proposition that * If 
equal volumes of two gases are at the same temperature and 
pressure . . . the masses of the two kinds of molecules are 
in the same ratio as the densities of the gases to which they 
belong." He then goes on to say that " this statement has 
been believed by chemists since the time of Gay-Lussac** ' 
I take this to mean that it had never occurred to Maxwell 
that anyone could believe in Gay-Lussac's law and not in 
Avogadro's hypothesis. Dalton was of inuch the same mmd 
as Maxwell ; he was " for thorough," and rejected hypothesis 
and law together. However, for long chemists were of a 
di£Ferent mind. The consequences of rejecting Avogadro's 
hypothesis and at the same time accepting Gay-LusaacTs law 
^ be seen in the two following chapters. 
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CHAPTER X. 
THE ATOMIC WEIGHT SYSTEMS OF BERZELIUS. 

fKr mtti with truths 0ventat*d #r misdinctid, tnsttsrs tf ditmU tmrieusfy 
im k tm, fmcts me^mpUttfy pmed #r mppHid, mud ruks mc§msutimify 
mt^gml #r diifnkmtfy imtirpntmL Smek^ imdetd, is tkt sImH 9f twmy 
dhg» phU§$9phf im Us Jint jAvw.— Nbwman, 

In the investigation of atomic weights, there are two 
distinct problems to be solved — (i) the determination of 
experimental data, (3) the interpretation t>f the data by a 
formula showing the relative number of atoms in the mole- 
cule. It is the second only of these problems which is 
considered here. 

Berzdius was the earliest of the great masters of atomic 
weight determinatioa Wide in its scope, his work included 
the analysis of compounds of all the elements then known ; 
his data were the hiost accurate of his day. Berzelius pub- 
lished two systems of chemical formulae, the later of which 
came into extensive use among chemists. He adhered to his 
first system from about 1 810 to iSia To the second system, 
whidi was published in 1826, he* adhered till the end of his 
life. 

The compounds of sulphur received the same formulae in 
both systems. Berzelius recognised four oxides of sulphur, 
nam^y, the respective anhydrides of thiosulphuric, sulphur- 
ous, dithionic and sulphuric adds. These were SO, SO,, 
S.O» SO,. 

The essential differences between the two systems are 

involved in the formulae which Berzelius assigned' to the 

compounds of the metals and of nitrogen. The elements 

generally were supposed in the earlier system to enter into 

their compounds with oxygen chiefly one atom at a time^ 

metals and non-metals alUce. There results, says Berzelius, 

" a much greater simplicity in the composition of substances, 

and the number of simple atoms» required for the production 

of every compound atom, becomes much less when, for 

example^ I suppose that sulphurous acid, ferrous oxides sodium 

oxide are RO» and solphnric add, ferric bxide^ and aodium 
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peroxide ROgf than when I consider them as RO andRaOa.*^ 
Accordingly, the formula for nitric anhydride was NO» 
so that O being 16^ N was 28. In the 1826 system the 
objections to such a formula as RtO. were abandoned. For 
the oxides of nitrogen, Berzelius arrived at the formulae 
NtO, NO, NtOa,' NaO«. Thus nitrogen, unlike sulphur, 
enters into its compounds chiefly two atoms at a time. 

In 1826 Berzelius had to decide whether the oxides of the 
metals belonged to the nitrogen or the sulphur series of 
oxides Here a great difiference arose between the two 
systems. In the earlier system there was but one series^ 
the sulphur series, recognised, and the oxides of a metal were 
supposed to contain each one atom of the metal In the 
later system the nitrogen series was adopted, metallic oxides 
being each supposed to contain two atoms of the metal' 
As regards atomic weights, this means that in the earlier 
system the atomic weights of the metals are double what they 
are in the later system Thus chromic oxide was first CrO» 
and then CraOs, and chromic anhydride was first GrO» and 
then Cr,0« or CrOs. Taking »■ 16^ the earlier formulae 
involve for chromium the value 104, and the later formulae the 
value 52. 

The historians of chemistry have often remarked how 
close the chemical formulae of this later system come to 
those of tlie present day. In this respect, Gmelin's system, 
which' came into competition with that of Berzelius, shows at 
a disadvantage.. For water and nitric oxide respectively, 
Gmelin gives the formulae HO and NO^ Berzelius H9O and 
NO. 

Much more important than formulae are the principles oa 
which formulae are arrived at The formulae of Berzeliiis 

' There results " mie plus gnukte simplicity duis k conpositioo dct cocpi, 
et le Bombre des atones simples, n^cessaiie poor k productkm de toot ■toii 
compost, devint beMooap moindre, qvand Je sopposii, par exemple^ que Facide 
soUtueus, I'oxidiile de fer, k sonde, etaient RO,, ct fadde saUariqve^ roiid» 
de fcr ct le soperoxide de sodima RO„ que loisqve jc ks foniiJfiaii caaMie 
RO et R,0,." EsBsi, 1S19, ppi xiY.-zv. 

* Benelios believed tben tbat the oxide NO. did aoC csisL 

* However, all stioQg bases tcocivcd the feneni iwik RO. Wm. tke 
enkaatioB of *M* , ttt p. 7^ 
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being $o nearly those of to-day, his principles are all the more, 
interesting. Criticism of them must determine two things — 
(i) How far the principles were consistent with one uiother, 
(2) what there is in common between them and those on which 
chemical formulae are arrived at to-day. In particular, since 
Dulong and Petit's law was published in 1819^ and Mitscher- 
Uch's law in 1821, it is of special importance to note in the ~ 
coostmction of the system of 1826 what use Berzelius made 
of these laws. 

The guiding principles of the system of 1826^ as given by 
Berzelius» are four in number.^ They are : — 

(i) Ginsideration of the series of oxides (or sulphides) 
formed by an element When an element forms two oyides, 
in which, for a given amount of the element, the amounts of 
oxygen are in the ratio 1:2, the formulae of the oxides are 
XO and XO» or XO. and X0«; the ratio being 2:3, the 
formulae are XO and XgOa ; the ratio being 3 : 4, the formulae 
are XtOa and XOs ; the ratio being 3:5, the formulae are 
XsOa and XaO» 6r XO. and XO.. 

(2) In the formation of a salt, consideration of the ratio ' 
(oxygen in electro-negative oxide) : (oxygen in electro-positive 
oxide). When the two oxides combine, the oxygen of the \ 
negative oxide is a multiple by 1 whole number of the oxygen ^ 
of the positive oxide; at the same time this number, as a, 
rule, is the number of atoms of oxygen in the negative oxide. 

(3) Mitscherlich's law of isomorphism. According to this 
law, similar formulae are ascribed to isomorphous substances. 

(4) The principle based on the volume theory of Berzelius. ."^ 
This theory, whidi was suggested by Gay-Lussac's law con- 
cerning the combining volumes of gases, is that equal volumes 
of different gaseous elements contain the same number of 

atomSw 

Of these foijfr methods the first and second are common 
to both ^stemsi and the third belongs to the later system 
only. In the earlier system the fourth method, based on the 
volume theory, had been enunciated, but' not developed 
Therc^ the sole instance of its use is in the determination of 
the formula of water and at the same time of the atomic 
weight of hydrogen.. The atomic weight of nitrogen in the ' 

, ■ \ > Pogg. Abb., iSiSb T, 9971 % I|I77- ^ 
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earlier system is not in accordance with the vbliime theoiy. 
For nitric anhydride the formula was N0«, while the volume 
theoiy leads to the formula NaOg. 

Berzelius did not give the same weight to each of the four 
methods used in the 1826 system Only method 4, based <m 
the volume theoiy, gives results which are quite free from 
uncertainty.^ 

As for isomorphism, Berzelius states that aluminium^ 
ferric and manganic oxides are isomorphous, that fenous^ - 
manganous, cupric, cobalt, nickel, zinc, magnesium, and 
calcium oxides are isomorphous, and that calcium, strontium, 
and barium oxides are isomorphous " For obvious reasons^ 
this relation gives just as positive results as the measurement 
of the relative volume of the constituents in the gaseous 
state." This statement, of course, is to be taken with the 
qualification that the method can be used only in subordina- 
tion to other methods. '* If the number of atoms in a single 
one of these eleven oxides can be determined with certainty, ^^^ 
it is known for them all"' 

Ladenburg states that the volume theory "can only be 
used to determine the relative number of atoms in a veiy few 
compounds, and the founder of the first chemical system is 
therefore obliged to seek for other generalisaticms of more 
universal validity.*** With this verdict I am not at all 
satisfied In the earlier system, Berzelius did not make use 
of the volume theoiy to its full extent In the 1826 
system he succeeded in making a very extensive use of 
it In the first place, by the use of the theory he arrived at 
the atomic weights, relative to oxygen, of hydrogen, nitxo- 
gen, and chlorine, and at the formulae of their compounds 
with one another. In the second place, in arriving at the * 

^ ** Einedndsedenelbaigiebc Rcsaltate, welche kdoem Zwdfel vntcnradai 
tiad, die nimlich, wo naa die lekdYeD Voloae, nadi wekfaea ridi die 
Bestandtlieile einet KArpert vertiiodeii, b GealSBnB bestiiMMn kMm." P^VK* 
Ann., 7, 399. 

' '* Aus Idcfat einmiebeaden Griinden kenn dietet Vcfhiltniai cbctt 10 
poddTe Resolute geben, alt die Mesmngdcr reklivea VohuDe dcr Betfaad* 
theile in Geifonn. • . • Wenn die Anabl von Atomen in eiaesi 
dieter ti Oiyde mit Sidierlieit beidauat wcidea kann, ^ l&r alle 
kt." P<«. Ann., T, 403. 

* Lndenboig, p^ 93. 
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atomic weights of the remaining dementa, Benelius was 
continually drawing analogies between their compoonds and 
those of hydrogen, nitrogen, and chlorine. Chlorib anhy- 
dride being CliO«, bromic and iodic anhydrides are BrgOc 
and laOt respectively. For the anhydride ..of dithionic acid 
a weighty reason in 1826 for adopting the formula SJO^ in 
preference to SS^^^ was that SaOc is analogous to Qfi^ and 
N.O.. 

It is ea^ to show that Benelius placed much reliance on 
method 4, and was well aware how inconclusive are methods 
I and 3. Consider the osddes of phosphorus, for example: 
they may be either PO» PO., PO. (a), or PO, P,0„ P.O. (b). 
Method I cannot decide between these alternative sets of 
formule. A decision was come to only on appeal to other 
considerations. 

Regarding method 2 as inconclusive, Berzelius rejects it 
Phosphoric add received the formula PaO^ in opposition to 
method 2. In the case of nitric, chloric, iodic, and dithionic 
anhydrides the ratio (O in anhydride) : (O in equivalent 
amount of base) is 5 : i. In the case of phosphoric add the 
ratio is 5 : 3. 

Method 3 is also ignored Phosphoric add is not iso- 
morphous with chloric, nitric, iodic, nor dithionic add 
Berzelius adopts the formula PaOc because he thinks that 
phosphoric anhydride containing live atoms of oxygen is 
analogous after all to these other anhydrides, and also because 
then i^iosphine and ammonia, which Berzelius knewjto be 
analogous substances, received similar formulae. Inasmuch 
as in all this he is relying on analogies with substances of 
known formulae, it is dear that Berzdius gives the ascendency 
to the method by which these formulae are deddext that is, 
to the volume theory. 

It is now time to consider what there is in common between 
the prindples of Berzelius and those of to-day. The sub- . 
ordinate method of isomorphism is common to both. Methods 
I and 2 can hardly be regarded now as atomic weight methods 
at all, I being veiy often incondusive, and 2 sometimes right . 
and sometimes wrong7 Berzelius did not always accept the 
evidence of method 2« and when he dkl accept it» he was more • 
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than once misled Thus he was led to the formula BO, for 
boric anhydride and SiO, for silicic anhydride. 

Consideration in full of method 4 being reserved for the 
next chapter, there remains to be considered in this sectioq 
what use Berzelius made of Dulong and Petit's law. He* 
had classified the oxides of the metals by laying down a series 
of typical oxides, and, alongside of this, alternative series 
of formulae, the sulphur series and the nitrogen series. 

1. Cuprous osade - - - - RO R,0 

2. Cupric and ferrous oxides, etc - RO, RCy 
3.. Ferric and manganic oxides, 

lead sesquioxide, etc - - RO« R«0, 

4. Lead and manganese peroxides RO4 RO, 

5. (Manganic anhydride, sic) - RO^ RsO« 

In the earlier system Berzelius interpreted the data by 
the formulae RO, RO9, etc, that is, the sulphur series; in 
the later system, by the formulae R,0, RO, etc, that is, the 
nitrogen series. This resulted in all strong bases receiving 
the general formulae RO in the later system, because^ lead 
and calcium carbonates being isomorphous^ and lead oxide 
being PbO, calcium oxide was CaO. Hence sodium oxide 
was NaO, and silver oxide AgO. 

In order to understand the use that Berzelius made of 
Dulong and Petit's law, it is necessary to examine into his 
reasons, in 1826, for referring the oxides of the metals to the 
nitrogen series. The reasons * are as follows : — 

1. The sulphur series involves formula with a large 
number of oxygen atoms, and at the same time, suggests that 
there exist many, more oxides of the metals than are knowa 
For chromic aidiydride the formula CrO« suggests that the 
oxides of chromium are more numerous than they are found 
to be, hence the formula CrO, is preferable. 

2. For cuprous oxide Cu^O is more likely to be right than 
CuO, because the oxide readily yields cupric oxide and copper: 
Similarly, mercurous oxide is Hg,0. 

3. Taking the nitrogen series of formulae, Dulong and 
Petit's law holds for sulphur, gold, platinum, tin, bismuth,' 
copper, lead, zinc, nickel, and iroa 

^ PqCC. Ann., 7, 413 ct aeq. 

* Uter 00, bimnlh lell oat of tUs Hit Bendtas giKVf bioMidMtt oarido 

dM fcmak Bi,0», b 1816^ and oboitt 1835 mw fit to dMi«t tbk to Bia 
F 



) . 



f 



74 Standing in Cfamistry of DaitotCs Atomic Theory. 

4. The oxides of chromium may be CrO and CrOi, more 
probably they are CraOa and CrOa, for two reasons. For 
one, chromic oxide is isomorphous with ferric .and' manganic 
oxides» which are probably Fe^Oa and MnaOa. For another, 
the ratio (O in chromic anhydride) : (O in equivalent amount 
of base) is 3: i. 

• Further, Berzelius explicitly says that the choice of the 
nitrogen series of oxides as types of the metallic oxides was 
above all determined by consideration of chromium and 
manganese compounds. "I freely admit that the relations 
of chromium and manganese, above all others, determined me 
to fix on the nitrogen series' as the most correct, according to 
all probability.'' 1 

As to this decision between the sulphur and the nitrogen 
series for the* oxides of the metals, in favour of the nitrogen 
series, Ladenburg remarks, " He rejects the apparently most 
natural assumption of one atom of radical, whidi he had made 
in 18 19, since it leads him to atomic weights that are not in 
harmony with Dulong and Petit's law."* 

Here Ladenburg gives a wrong impression by taking no 
account of the other reasons for the change. For one thing, 
he overlooks the fundamental fact that but for the volume 
theory, Berzelius would have had only the sulphur series to 
adhere ta In adopting the formula NaO, NO» NaOa» NaOa 
for the oxides of nitrogen, Berzelius was fulfilling the require- 
ments of the volume theory. 

Having given the list of ten elements (see p.~'73) which 
can be brought into accordance with Dulong and Petit's law, 
Berzelius remarks, " a convincing reason, if one assumes that 
the atomic weight of sulphur is known, for halving the atomic 
weights of the others." ' These words support Ladenburg, 
considered apart from their context and the drift of Berzelius' 
meaning, but not otherwise. v 

> " Icb b^kenne aiilnchtig, dasi die Verhiltnine det Chronu md Mai^^nt, 
tor tUen andem, nudi beidaimt baben, die RcOie det Stidutoffs, alt die, alien 
Wahndieinlicbkeit naeb, richtipte ra wahlen." Ppss* Aim., 7» 416^ 

'Ladenbng, p. 99^ . 

• »< Eia ft b e iie ^ge n d ef Gfiad, «a, wenn man dai Atoipgewicht det Schwcfeb 
altgeltannt amiimait, das der ftbri^en rar Hilftc hefabeotetacB." Pqcg. Ann., 
irf4i3. * 
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It is significant that Berzelius does not put Dubng and 
Pctit's law among his principal atomic weight methods He 
draws attention to the need for further work upon the relatioo 
between specific heat and atomic weight Silver, telliuiiun» 
arsenic, antimony, and cobalt he recognised as being excep- 
tions to the law. Silver is exceptional, because silver oxide • 
got the formula AgO. The other exceptions were due to 
errors in the specific heat data. 

Ladenburg appears to have overlooked the passage in 
which Berzelius mentions the compounds of manganese and . 
chromium as having determined him to fix on the nitrogen 
series as types of the metallic oxides. This passage only 
appears to be in contradiction to the one about Dulong and 
Petit's law. 

Berzelius' meaning is, I take it, that among the four 
di£Ferent reasons that he adduces for the change in questioi^ 
it was Dulong and Pctit's law that turned the scale: 
Undoubtedly, there being other three reasons for the change; 
he was not going to forego the additional advantage of 
Dulong and Petit's law. 

Taking this view of the matter, and remembering that 
Berzelius accepted Dulong and Petit's law with reserve; and 
that the law is not given among his principal atomic weight 
methods, I conclude that this law was at most a minor con- 
sideration with him. 

Reviewing Berzelius' atomic weight methods^ one need 
have little hesitation in deciding that he gave most weignt by 
far to the volume theory. On that theory he arrived at the 
atomic weights relative to oxygen, of hydrogen, nitrogen, 
and chlorine. In deciding on the atomic weights of the 
generality of the elements he was continually abandoning 
the other methods and referring compounds to the compounds 
of nitrogen and chlorine. By reference to chlorine he satis- 
fied himself as to the atomic weights of bromine and iodine; 
and, as another instance, by reference to nitrogen he satisfied 
himself as to the atomic weights of pho^horus and arsenic 
I therefore conclude that the keystone of the system of 1826 
was the volume theoiy. 
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THE ATOMIC WEIGHT SYSTEM OF GMELIN. 

About the year 1840^ Berzelius' system of chemistry fomid 
itself threatened by the rivaby of Gmdin's system This 
system, first made known previous to 1820^ can be considered 
here only as it was expounded in Gmelin's " Handbuch der 
Chemic;"in 1843. 

In Ladenburg's " History of Chemistry," I find the follow- 
ing description of the situation in the chemical world about 
the year 1840: — ^^.A new school had arisen . . . which 
sought, successfully, to supplant the system of Berzelius. At 
the head of this movement there stands L. Gmelia" As to 
the raisoH d*itn of this movement, Ladenburg says, " It had 
come to this, then — ^inorganic chemistry, in conjunction with 
physics» had not been ablr to maintain the conception of the 
atom" " At the end of* the fourth decade of this century, . 
we find the atomic theory — the most brilliant theoretical 
achievement of chemistry — abandoned and discredited by the 
majority of chemists, as a generalisationf of too hypothetical a 
chauacter." ^ 

This account of the school of Gmelin I am quite unable to 
accept It may be quite true that some chemists of that 
school were doubters in regard to the atomic theory. It is 
quite true that Gmelin began as a doubter, and this is all that * 
Ladenburg proves by the reference which he gives to 
Gmelin's " Handbuch der Theoretischen Qiemie," 2nd 
edition, of the date 1821. Ladenburg seems quite unaware- 
that by 1843 Gmelin had come to be a believer in the atomic 
theory. 

In the ** Handbuch" of 1843, translated into English by 
Watts in 1848, the school opposed to the atomic .theory is 
mentioned by Gmelin in thj^ impartial way: — ^"The relative 
weight . • 4 by those who either reject the atomic theory 
altogether, or regard it as not sufficiently established, is called 

■ m ill ' III , I I ■ I •• . I 

' ' .-•' ^ LtdeBlmig, pp. 106-7. 
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the combining weight, chemical weighty chemical equivaUni^ 
combining proportion, equivalent proportion, or equivalent mmiArr, 
stoichiontetrical proportion, or itoichiometrical number.** 

Gmdin's account ^ of the atomic theory is not given out of 
a sense of duty and for the sake of completeness, much less 
from the standpoint of an opponent He speaks as follows 
of the laws of combination in multiple and reciprocal propor-. 
tions : — " The origin of these two laws is most satisfactorily 
explained by the atomic theory, . . . according to whid& 
every pimple substance consists of very small indivisible 
particles called atoms, these atoms being of uniform weight 
and volume in each individual substance^ while the atoms of 
different substances may be of different weight and volume." 
Again, "to every simple substance there belongs a certain 
relative weight," whidi, " by those who admit the atomic 
theory, is called the atomic weight.'* Gmelin was one of 
these, and'he gives a table which is headed, " Atomic Wei^^ts 
of the Elementary Bodies." 

The reason for the change from Berzelius' system to 
Gmelin's cannot be what Ladenburg alleges It is simply 
a mistake to suppose that Berzdius and Gmelin were at vari- 
ance on the fundamental question of the constitution of 
matter. Both believers in the atomic theory, they differed 
in regard to particular principles. I shall show that 
BerzeUus' characteristic principle, the volume theorv» had 
become untenable, and that Gmelin, believing in the atomic 
theory, adhered to Dalton's conception of the atom, in opposi- 
tion to a departure from that conception made by Berzdius 
in order to save his volume theory. 

In arriving at atomic weights, Gmelin made use of six 
principles. First of all, I shall give four principles on which 
Gmelin and Berzelius were at one. They are as follows : — 

(i) " As a general rule, the total weight of the i^toms com- 
posing an acid must be of such amount that the con^xxnid 
atom may just suffice for the saturation of one atom of a 
salifiable h^sc Thus i6 sulphur and 3x8 oxygen foim 40 
sulphuric add, and 103*8 lesid with 8 oscygen fonn 111*8 oxide 

■ III . I I I i I I I I I I I . 

^ OntUa, if 4i-5a 
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of lead: now 40 sulphuric add just satisfy iirS oxide of 
lead . . • To this rule there are^ however, certain 
unmistakable exceptions. ..." . ' 

(2) "When a metal combines with oxygen in one pro- 
portion only, to form a salifiable base, it is assumed, supposing 
that the laws of isomorphism do not oppose the assumption, 
that the compound contains equal numbers of atoms of the 
metal and of oxygea" Thus potash was KO. "When a 
metal forms a number of salifiable bases with different pro- 
portions of oxygen, the oxide which forms the strongest base 
is to be regarded as containing the metal and oxygen in equal 
numbers of atoms." Accordingly, ferrous oxide was FeO, 
mercuric oxide HgO, cupric oxide CuO, and stannous oxide 
SnO. 

(3) " It is supposed that substances which closely resemble 
one another in physical and chemical properties, combine 
with a third body, according to the same number of atoms. 
If nickel combines with oxygen in the proportion of i : i and 
2 : 3 At, this must also be the case with cobalt, which bears 
10 very closely an analogy to nickel" 

(4) Isomori^ism. The one oxide of aluminium, but for 
the isomorphism with ferric oxide, wquld be AlO. Ferric 
oxide being FeaO., the other is AlaO.. 

These four methods, substantially, are given by Berzelius' 
alsa The methods put into use, the only important differ- 
ences that arose are in regard to bismuth and silicoa To 
silica Gmelin gave the formula SiOi, Berzelius SiOa. To 
bismuthous oxkle Gmelin gave the formula BiaOt, Berzelius 
BiO. 



The great difference between the two chemists depends 
npon the two remaining principles of Gmelin, both of which 
are at variance with the volume theory of Berzelius. This 
theofy had been for some time under a doud By work 
which began in 1826^ Dumas showed that the theory did not 
bold in the cases of mercury, phosphorus and sulphur. In 
1834 Mitschlerlich confirmed these results, and added arsenic 
to the list of exceptions. According to the volume theoxy, 
atoms of the dements occupy equal volumes. What Dumas 
jMOved wu that the atom of oxygen occupies half the volume 



*. 



r 



T ' 



Tki 4tamic Wiight Systtm o/GfHiHn. 



79 



of the atom of mercury, and twice that of the atom of pho»> 
phorai» accepting the atomic weight data of BeneliusL 



Weifiht of equal 
voloinet. 


Atomic weight 

•eooidiDg to 

BeRelnit* 


Nmnbcf of 

•tooM in cqwl 

volomes. 


0, 3« 
H, . 

H, 900 

P4 "4 
A84 300 

S« ? 199 ? 


16 

900 
31 
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If it be decided to adhere to the volume theory, it is there- 
fore necessary to halve the atomic weight of mercury and to 
double the atomic weight of phosphorus. Further, in the 
cases of arsenic and sulphur, the anomalies observed made it 
necessary to double the atomic weight of arsenic and to 
treble that of sulphur. 

This proved to be a reduciio ad absurdum of Berzdius' 
system. Berzelius was confronted with the dilemma that he 
must either give up the chemical analogies on which he 
arrived at the atomic weights of mercury, phosphorus^ arsenic 
and sulphur, and change these atomic weights, or give up the 
volume theory. 

Berzelius would do neither the one thing nor the othei'. 
He adhered to. his atomic weights, and limited the volume 
theory to certain cases, namely, oxygen, hydrogen, nitrogen, 
chlorine, bromine, and iodine. As to the theory in general, 
he says» "in the vapours of simple substances, the ratio 
between the volume and the number of atoms is subject to 
variations, which, however, appear to be multiples or sub- 
multiples of the number of atoms contained in an equal 
volume of the permanent or coercible gas of [some] one 
element** * 

^ Dftnt ks ▼apeon det corpt dmplet, k npport cnlra k vobuM it W 
Bonbra det Atoaes ett lojeC k d^ vaiktiooi, qai eependant paniMat 4im 
det nvliiplet oa det toat-mulUpkt da nooibre d'atomet eontoia daaa ■■ ^ga 
▼olamt d^Hi f^ pennaiicst m coercibit d'ua oorpt rimpic Bttid, lt3S» pw Sfk 



So Stamdini in Chimistfy of Dalton^s Atomic Theory. 

Even in this limited form, Gmelin did not accept the 
volume theory. His principle was : — ** Let it be granted that 
heterogeneotts substances combine in the smiplest possible ^^ J. 
numerical proportions." (Principle 5.) For water Berzelius 
had given the formula HaO, Gmelin gave HO. 

The atomic weights arrived at on the basis of the volume 
theory had yet another defect Berzelius found that certain - 
atoms, hydrogen, for instance, entered into combination by 
twos, or multiples of two^ and never one at a time. This 
arose in the following way. In Berzelius's system all strong - 
bases received the formula RO. The amount of hydro- 
chloric add which combines with this amount of base is com- 
posed of two atoms of hydrogen and two atoms of chlorine. « 

Thus: RO + H,a,-iRCI, + H,0. 
This amount of acid, again, combines with an amount of 
ammonia which contains two atoms of nitrogea Altogether, 
Berzelius arrived at the conclusion that the following elements 
each enter into combination two atoms at a time : — ^hydrogen, . 
chlorine, fluorine, bronline, iodine, nitrogen, phosphorus, 
arsenic, and antimony. Accordingly, in each of these cases, 
two of the atoms of the volume theory act chemically as one ' 
atom. So that here was a chemical atom made up of two .:j. 
physical atoms, another reductio ad aSsurdum of the volume j 
theory. - ' 

In opposition to all this, Gmelin maintained that "the 
, existence of such small atoms was improbable and their 
adoption superfluous and troublesome." For the sake of ^ 
convenience, Berzelius had intfx)duced the use of a special 
symbol for the double atoms. For instance, two atoms of 
hydrogen he denoted by H, of nitrogen by H. These, 
symbob served only to draw attention and to give point 'to~ 
Gmelin's objectioa The double atoms of Berzelius were, 
virtually, the atoms of Gmelia Use being made of the 
barred symbols, there was next to no difference between the 
formube of the two systems. Water was HQ and HO, 
sulphuretted hydrogen was HS and HS. 

Berzelius, originally an exponent of Dalton's atom, had 
inUoduoed a conception of his own, quite subversive of 
Dalton's^ This was the idea of a chemical atom divisible 
into two physical atoma It was with special reference to 
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this that Gmeiin laid down the principle, "Let no atomic 
weights be admitted smaller than those which actually oocor 
in combinations." (Principle 6.) This» a mere platitude but 
for the teaching of Berzelius, was actually a timely, weighty 
reminder of an axiom of Dalton's theoxy. Gmelin's principle 
implied adherence to Dalton's atom in its int^;rity. 

In order to explain why Berzelius' system was supplanted 
by Gmelin's, there is therefore no need to suppose, with 
Ladenburg, that the atomic theory had been " abandoned and 
discredited by the majority of chemists." The only important 
difference between the two leaders arose from the vohmie 
theory. Plausible at first sight, the longer this theory was 
looked at, the more suspicious it became. Berzelius had to 
fritter away the theory in more ways than one. Limiting it at 
first to the elements, he had to limit it still further, under the 
pressure of Dumas' facts, to a small number of the elements^ 
Again, though as a matter of course he had begun with the 
assumption that the physical atom and the chemical atom 
were identical, Berzelius found himself constrained to assume 
the existence of an atom which was indivisible chemically 
and physically divisible. Even the authority of Berzelius 
was inadequate to recommend a system that had become a 
welter of conflicting ideas and prindplea. No wonder that 
his system fell into disrepute, and that Gmelin's came more 
and more into vogue.* 

The characteristic feature of the period of chemistry 
during which the systems of Berzelius and Gmeiin were in 
vogue is the study of the composition of matter by weight. 
It is a significant fact that during all that time chemists simply 
failed in their attempts to get Gay-Lussac's law and the 
current theory of chemistry to elucidate one another. Daltcm 
could find no place for tlie law in his atomic theory. . In 
1 812, Berzelius wrote to Dalton, expostulating with him for 
his refusal to accept Gay-Lussac's law. "... There ate 
parts of [the atomic] theory, much as science owes to yoo at 
present, which demand a little alteratioa That part, for 

^ Abonl th» tiiD«, the chemkfd dodfinct tijeumXtf U BcndfaM M 
diucptttc Hcre^ only Uie dtreet crates U tlw dovaUt U kii 
^FilcBi heve beca 
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example, wlddi obliges yoo to declare as inaccurate the 
eiqperiiiients of Gay-Lussac, on the volumes of the gases 
whidi combine. I should have thought rather that. these 
experiments were the finest proof of the probability of the 
atomic theory."* Surely the S3rstems of Gmelin and Ber- 
lelius are a proof of how sound were the instincts of Dalton 
as a theorist It was the volume theory, Berzehus' interpre- 
tatiofi of Gay-Lussac*s law, that brought his system to wieck. 
Likewise accepting Gay-Lussac's law, Gmelin was quite 
at a fess to arrive at a theory of the composition of matter by 
volume. Of his six atomic weight principles, not one refers 
to ecMnposition by volume All that he does is to tabulate 
the number of atoms of a substance, simple or compound, 
contained in a given volume. I give a few instances:-^' 
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Dalton did not design his theory so as to interpret the 
composition of matter by volume. His theory was meant 
as an interpretation of the laws of chemical combination by 
weight Berzelius. and Gmelin might accept Gay-Lussac's 
law, but they quite failed to make it the basis of a permanent 
advance or improvement on Dalton's theory. They left the 
theory as they found it, essentially a gravimetric theory of 
natter. 
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CHAPTER XIL 



THE CHEMICAL SYSTEM OF GERHARDT AND 

LAXIRENT. 






Two methods may be taken in the study of the di£ferent 
systems of chemistry. The first method is fulfilled by a 
comparison between the atomic-weight data, and between the 
formula of the old and the current systems. The second 
method, regarding the first as merely prehminary, devotes 
attention to other considerations ; here it is of importance to 
ascertain principles, and to investigate how far old princi p les 
are consistent with one another, and with the principles of 
to-day. 

Of the consequences of attending to coincidenoes of 
formula and figures, and of ignoring principles, an example 
is to be found in the account, in Ernst von Meyer^s * Histoty 
of Chemistry," of the changes suggested by .Dumas in the 
atomic weights of Berzelius. The vapour densities of 
mercury, phosphorus, sulphur, and arsenic having been deter* 
mined, the atomic weights of these elements were calculated 
by applying the volume theory of Berzelius. As it toamed 
out, these atomic weights were different from those arrived at 
on other grounds, by Berzelius himself. 

Atomic Weights, 0«i6. 
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Hereupon, by way of criticism, von Meyer remarks^ " A 
comparison of the atomic weights of Berzelius and Damas 
with those of to-day shows* us how fully justified the fonaer 
was in adhering to his own, which he had arrived at after the 
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most mature consideration ; Berzelius' values have proved to . 
be the right ones." ^ 

Yet von Meyer does not leaVe principles altogether out "^ 
of account Assuming that Dumas was hopelessly in the 
. wrong because his data are wrong, and Berzelius right because 
his data are right, von Meyer goes on to condemn the want of - 
principle exhibited by Dumas. " In making the above altera- - 
lions, Dumas* procedure was quite without method " — actually 
he had made use of the volume theory of Berzehus — ** and only 
helped to complicate matters further" — ^he compelled Ber- ^ 
sdius to set strict limits to the volume theory. " He drew a 
theoretical distinction between smallest physical and chemical 
particles " — as it happens, so did Berzelius, whose distinction - 
is foigotten, while that of Dumas remains. " There is justi- 
fication for the reproach brought against him by many, and 
more especially by Berzelius, of having introduced obscurity 
and disorder into the atomic weight system of the latter '^ — no 
wonder Berzelius reproached him, he had ruined the credit of . . 
Berzelius' volume tiieory. 

Berzelius' data being those accepted now, it has^ never 
occurred to the historian that Berzelius' principles are not 
those accepted now, and are open t^ criticism The prin--^ 
dple of the historian seems to be, get modem data by all > 
means, by hook or by crook, but get modem data. As will i 
presently be seen, the fruits of indiscriminate attention to ! 
figures, and of neglect of principles are inconsistency, 
*• obscurity," " disorder," and "confusion " in the " History of— «• 
Chemistry." 

Further on, von Meyer says of Dumas, " The whole indi* 
vidualtty of the man comes out In his 'Lemons sur la ^ 
Philosophic Chimique,' in which he treats the 

development of chemical theories with great clearness. . ." 
This is at page 374. At page 227, while still discussing the y 
profligacy of Dumas in proposing to alter -Berzelius' data on 
Berzelius' own principles, von Meyer gives a Very different- 
impression of Dumas. " For the sake of an unproven hypo- 
thdns" — ^Berzelius' volume theory— " Dumas neglected the , 
most striking chemical analogies (#.^., that between ammonia 
and phoqihofetted hydrogen^ ^^ frequently confused thii^ 

^ 7« ICi|tr, p. ti6ii 
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which were perfectly^ clear." It so happens that Dumas'. 
proposals which von Meyer finds so confusing, are fully dis- 
cussed in the " Lemons sur la Philosophic Chimique," the whole 
discussion being a masterpiece of lucidity. What is morCp 
far from "neglecting the analogy between ammonia and 
phosphoretted hydrogen," Dumas insists upon it "In 
ammonia there are three volumes of hydrogen to one of nitro- 
gea Phosphoretted hydrogen resembles it greatly. Here 
are two compounds, corresponding to one another, of two 
elementary substances whose chemical properties have a very 
great analogy, etc" Either this analogy, Dumas points 
out, must be given up, or else Berzelius' volume theory; 
" . one must either abjure the fairest analogies of 

chemical science, ... or own that in equal volumes 
phosphorus . . . and nitrogen do not contain the same 
number of atoms.'^ 

On the one hand, given tlie different formulae that have 
been used in the case of water only, a careful account of all 
that these implied to those who used them would go far to be 
an epitome of the development of scientific chemistry. On 
the other hand, what can be less instructive arid more 
unscientific than von Meyer's superficial conq>arison of 
formulae and figures? The one formula HsO, represents the 
views about water of both Avogadro and Berzelius. Yet 
how inadequate is the representation ! Regarding the nature 
of hydrogen and oxygeii, and of the way in which th^ 
combine to form water, Avogadro's views are very much those 
of to-day. As to Berzelius, when he arrived at the formula 
HaO, his views were not very different from those of Daltoo, 
who gave the formula HO. 

Divers, in the B.A address, as I have akeady pointed oat, . 
makes much of "purely dhemical" methods^ and mainfrat'n^ 
that chemical change is double decomposition essentially. He 

> Dtoi 1' tmmoniiiqve oa troav* 3 mlnmcf d* hydragiae ponr t voIom 
d* ttole. Or, 1' hydrog^ pliotphor^ lot rcnenibte beuMouph Ct aont dour 
eompoi^ coci wp ottdiii dc denx corps dmplet doot les ptopd^Ui cUoiiqacs 
pfteitCBt k plot gvBade aaak^e; • • • il kaX oa f ea onecf as plas 
beOfli MudogiM d« k chimie, oa oofntak qa*i vofauM ipl b rVrTfiiCTi 

it I'uoU M conrienntnt-poi k nteM aooilHrt df 
•Off k PhBoiopUi CUoiiqoe^ iSjd^'ppb a66-7*. 



-» 
•" 



../': ■\'\ ..•-...•■ ' 
■■: • v. . • > . -.y 

'^ f- ...... .-. 






86 SUuidu^ in ChimUtry ofDaiioris Atomic TJUcfy. 

says the tbeoiy of chemical molecules was brought to light 
chiefly ** through the brilliant work of Gerhardt, V^lliamson, 
Laurent, Odling, Wurtz, and others in the purely chemical 
field." Among these chemists, Gerhardt was the leader. " In 
the great reformation wrought by the chemists, to whom I 
have referred, but by Gerhardt in particular, the new light 
set up in chemistry was the notion of what came to be called 
' double decomposition ' in chemical change." ^ 

In this section, I shall first of all state the general prin- 
ciple of Gerhardt and Laurent, and next exhibit their system 
in some detail, comparing it with the system of Berzelius. 
Finally, I shall consider the use of purely chemical metliods 
by Laurent and by Gerhardt 

In the history of chemistry, the association of Gerhardt 
and Laurent is unique. The beginner of the movement was 
Gerhardt, who explained his ideas in papers in the " Journal 
f. pr. Chemie," 1843-3 (27 439, 28 34 and 65, 30 i),.and in 
the "Annales de Chimie et de Physique," 1843 (7 I2S^ 
8 238). Eagerly adopting and pursuing these ideas, Laurent 
made contributions of great value to the movemerit The 
two men became like comrades in arms. Harmony l)etween 
them was insured by a mutual give-and-take in ideas. 
Devoted to the same principles, defending one another when 
attacked, the two. chemists worked out their ideas, sometimes 
singly, sometimes in partnership. Their mature convictions 
were embodied, Gerhardt's in the "Trait6 de Chimie 
Organique" (1853-6), Laurent's in the "M^thode de Ja 
Chimie," a posthumous publication translated into English 
by Odling in 1855. 

From the point of view of Avogadro's hypothesis, Ger- 
hardt proposed that the molecules of all substances in the 
state of gas should be made such as to occupy the same 
volume. He pointed out that the molecules of many organic 
substances in the state of gas, acetic acid, for instance, occu- 
pied four volumes, while the molecules of water, carbon 
dkudde, ammonia, sulphur dioxide and oxalic add occupied 
two vohmies. It was in the region of organic chemistry that 
Gerhardt was specially successful Taking the formulae of 
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Gmelin, he showed tliat, if water was evolved in the reactions 
of organic chemistry, or carbon dioxide, the amount was never 
one molecule, but always two molecules or multiples of two. 
Thus, on decomposition one molecule of acetic add gave 
marsh gas and two molecules of carbon dioxide. His con- 
clusion was that the molecule of acetic add was too larg^ or 
that of carbon dioxide too small 

Gerhardt and Laurent mention Ampere, but not Avogadro. 
They do not seem to have known that Avogadro had the 
advantage in having adopted the hypothesis three years before 
Ampere, in the more extensive use which he made of it, and 
in the simplidty of the deductions which he made from it 
Anyhow, the great advance made by Gerhardt and •Laurent 
^'as the adoption of Avogadro's hypothesis. . 

As regards the elements, there gradually came into fairly 
wide use, in consequence of Gerhardt and Laurent's teaching; 
for hydrogen, oxygen, nitrogen, etc, the symbols H» 0» 
Ns, etc^ Gerhardt and Laurent even supposed that the 
mercury molecule was Hg,, so that, the molecular we^t of 
mercury being 200 (H, » 3, O, « 33), the atomic weic^t of 
mercury was loa 

Before proceeding to show the efiPect of all this on the 
atomic weight data, I must make a preliminary remark. In a 
comparison of the atomic weight data of diiOferent systems^ 
hydrogen and oxygen are of the first importance. Is water HO» 
or HaO? Taking H » i, then, if water is HO, O " Si and 
the molecular weight of water is 9 ; if H^O, then O ■* i(S^ 
and the molecular weight of water is 18. However, to have 
the molecular weight of water changing is a quite unnecessary 
complication. The atomic weight of osygen being fixed at 16, 
the moUctdar weight of water is 18, and for HO, H • a, for H,0» 
H-i. For tlie remainder of this chapter it will be eusmmud 
that the atomic weight of oxygen remains x6. 

As regards the classification of the metals and their atomic 
weights relative Xo oxygen, the system of Berzelius and that 
of Gmelin were, the same. Gerhardt and Laurent, adopting 
the same dassification, halved the atomic weight of mercury, 
and, accordingly, of all the other metalsb Thu% meronric 
oxkk was no longer HgO, but Hg,0, and general^ RO 
became R,0, R^O became R4O, RaO, became RaO^ etc 
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As to the non-metals, the atomic weights of barbon and 
sulphur (and selenium and tellurium) were the same in all the 
systems. For other non-metals, Berzelius' data were half 
those of Gmelia Here, chiefly by reason of their use of 
AvQgadro's hypothesis, Gerhardt and Laurent were at vari- 
ance with Gmelin, and in accordance with Berzelius. The 
following table sho^ some of these differences' and agree- 
ments: — 
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These atomic weights involve differences in formulae and also 
in molecular weights. For water, Gmelin's formula was 
HO, of the others H,0. 
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In accounts of Gerhardt and Laurent's system, attention 
is often concentrated to excess on the changes they made 
in atomic weights — quite the less important aspect of their 
work. In the " Traits," Gerhardt sacrificed his own prefer- 
ences, and used the atomic weights of Gmelia Now com- 
promise means that a man may sacrifice much and all except 
the fundamental thing. So that for Geriiardt there were 
^things of more importance than atomic weights. The truth 
is that Geriiardt and Laurent were far less concerned about 
atoms than molecules For them the important thing in 
chemistry was the molecule, and the atom of the-dement had 
beccNne a subordinate ideii» not at all the same thing as the 
old.alomi 
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There is no historical continuity between Geriiaxdt and 
Laurent's system and Berzelius' system, any more than there 
is between theirs and Gmelin's. Gerhaidt and Lauieot had 
reached a theory of the composition of matter by Tolame^ 
which, unlike Bmelius' volume theory, referred to compo u nds 
as well as to elements. 

The adoption of Avogadro's hypothesis by Geiiiardt and 
Laurent, involved a great departure from the old ideas. In 
the case of the elements there is a superficial resemblance 
between Geriiardt and Laurent's molecule and Berzelius' 
double atom. That they are different things may be seen 
in the instances of oigrgen and hydrogen In the case of 
oxygen, there being no double atom, the comparison with 
Gerhardt and Laurent's molecule breaks down Any com- 
parison that is drawn must lie between Berzelius' atom and 
Gerhardt and Laurent's atom. The two are as different as 
Dalton's atom and the modem atom. Berzelius^ atom is an 
independent conception, while Gerhardt and Laurent's atom 
is a subordinate conception, the atom being r^aided as a 
fraction of the molecule. Again, Gerhardt add Lanrenfs 
molecule of hydrogen on combination b divided into two 
atoms, exactly what does not happen to Berzelius^ double 
atom made up of two physical atoms. 

Ladenburg completely ignores the breach between Ber- 
zelius and Gerhardt, remarking that their agreement as to 
the atomic weights of the non-metals " must appear strildi^ 
and peculiar to any unprejudiced person." He goes on — 
"It is also noteworthy that Gerhardt does not mention 
Berzelius, and 'is obviously quite unaware that he^ to a lai^ 
extent, adopts his numbers." However, Gerhardt is not the 
only great chemist whom Ladenburg has caught nodding: 
" The Swedish chemist does not appear to have noticed this 
agreement, since he violently attacks Gerhardt's pamper." ^ ^ 

One is not bound to accept Ladenburg's naive suggestion, 
that Gerhardt and Berzelius each failed to see what nobody 
could help seeing. I suggest that the inattention of Ger- 
hardt and Berzelius to what Ladenburg thinks so important; 
coincidences of figures, arose from indifference to these things 
in view of vital diff erence^ in regard to principles 
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As will instantly be shown, there is no justification what- 
ever for supposing that Gerhaidt's criticisms were directed 
exclusively at the system of Gmelia Gerhardt and Lauifent's 
proposal to halve the molecules of many compounds^ acetic 
add, fo^ instance, was directed at Berzelius' system as much 
as at Gmelin's. Moreover, it is connected with the change 
from the general formula RO of Berzelius and Gmelin for 
basic metallic oxides to RaO, and the simultaneous halving 
of the atomic weights of the metals. The molecule of acetic 
add was determined as the amount that combined to form 
a neutral salt with one molecule of a base. But nearly all . 
basesi in Gmdin's and Berzelius' systems alike, recdved the 
general formula RO, so that in either system the molecule.of 
acetic add was twice what we now suppose it to be. ' 

To show that Gerhardt's criticisms were not directed at 
Gmdin's system exclusivdy, I give the equations for the 
cieoomposition of acetic add according to Gmdin's and Ber- * 
cdius' formulae, and according to formulae used temporarily 
by Gerhardt, in! 184^ : — 

I. Gmelin— H- a. C-12. 0«i6. 

C^H^O^-iCH. + f CO,. '^ 

9. Berzelius — H«i. C-ia. 0»i6. 
C4H,04-aCH; + aC0,. 

3. Gerhardt— H- 1. C-6. 0-i6.^ 

C,H,04-C4H,+C404. 

Gerhardt's intention was to direct attention to an incon- 
sistency in chemical formulae. He thought it inconsistent 
that in organic reactions carbon dioxide ^ould be evolved, 
not on^ molecule at a time, but two. This critidsm touches 
the system of Gmelin and of Berzelius alike. Gerhardt's 
argument related to molecules and not to atoms. As inspec- 
tion of the above equations shows, the argument does not 
depend upon the use of his own atomic weights, or Gmdin's, . 
or Berzdius'. 

It would be an incomplete and misleading account of Ger- 
hardt and Laurent's ideas to say that they based their system 
on AvQgadro's hypothesis exdusivdy. There is some reason 
to think that they regarded Avogadro's hypothesis as a short 
cut, and little more^ to condusions that could be reached with 
equal certainty by the ^ strictly chemical " methods 

.1 ^^ Chin. Flgr*» IC43, ff 130^ 
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As to " strictly chemical " methods, here I am only resum- 
ing the discussion begun in Chapter VIL of this essay. It 
was proved there^ that the "purely chemical" methods for 
determining the formula of water really consist in the con- 
sideration of a selected reaction. This reaction does lead to 
the same result as Avogadro's hypothesis, other reactions 
which tell a^tiifferent tale being ignored. Further, it ^i^as 
pointed out that the selected reaction which is interpreted in 
the simplest possible way, is not reaUy so simple as the argu- 
ment of the " purely chemical " method supposes. 

For Gerhardt and Laurent's system, water was extremely 
important Water was the chief ** type " of the system. The 
constitution of the oxides and Hydroxides of thb metals^ 
of the alcohols and aldehydes, the acids and acid anhydrides^ 
of salts and ethers, etc, was understood by reference to the 
type'' water. The classification of the system turns on water, 
so that the " purely chemical " proof of the formula of water 
being weak, the logical basis of the system is Avogadro's 
hypothesis after alL Nevertheless, I shall consider Laurent's 
views on the " strictly chemical ** methods first, and then Ger- 
hardt's, to which such prominence has been given by Divers^ 

The adoption of Avogadro's hypothesis. was accompanied 
by important innovations as to the chemistry of adds and 
bases. The hypothesis led to the recognition of the distinc- 
tion between monobasic and dibasic acids. Hydrochknic 
add was a monobasic add, carbon dioxide the anhydride of a 
dibasic add Simultaneously, Gerhardt and Laurent adopted 
the general formulae R,0 and ROH for metallic oxides and 
hydroxides re'spectively, and in so doing they gained more 
than one end. 

In the first place, the doctrine of types was involvM ; the 
new formulae meant that water was the type of metallic oxides 
and hydroxides. 

In the second place, the formula Hg,0 for mercuric oadde 
implies that the mercury molecule is H|^ like 0» H» etc 

In the third place, the new formulae fall in with the dis- 
tinction between monobasic and dibasic acids. Thus the 
equatk>ns in Gmelin's system (HO « 18) 

ROOH+Ha-Ra+aHO. \ (Ha->73). 
ROOH + HCO, - RCO, -I- MO. (HCOt -6s). 
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beoome respectively, the value of R being halved, 

ROH + HQ-RQ + H.O. (HCl-36-5). 

3ROH + H,C09-R,CO« + 3H,0. (H,CO,-63). 

Evidently the recognition of metallic hydroxides as being 
ROH, and the recognition of the distinction between mono- 
' basic and dibasic adds, are bound up together. 

Laurent said that the distinction was independent of Avo- 
gadro's hypothesis. No sooner had the distinction been 
unmistakably indicated by the hypothesis, than he was able 
to see that it might easily have been established without 
the hypothesis. He mentions carbonic acid particularly. - 
"The carbonates are or are not dibasic, independently of 
all ideas that we may form regarding equivalents, volumes, 
or atoms. But we shall see at once that measurement by 
volume has led us to a right conclusion, and that the 
carbonates have all the characters of dibaaic salts." ^ 

Before certain considerations of detail are taken up, there 
is a consideration that goes to the root of the matter. 
An acid implies a base. The recognition of the distinction 
between monobasic and dibasic adds is bound up^with the ' 
recognition of metallic hydroxides as ROH. There is the 
objection on the one hand that the^use of " purely chemical " 
methods did not prevent Laurent from giving similar formulae 
to potassium and caldum hydroxides. On the other hand, 
if Laurent had adopted the general formulae RO and 
ROOH in place of R,0 and ROH, the necessity for the 
distinction between monobasic and dibasic adds, but for Avo- 
gadro's hypothesis, would not have arisen. 

In the "Chemical Method," Laurent laid dowti no less 
than sixteen criteria by which to know monobasic and dibasic 
adds. I give a few of these: — *^ 

Dibasic adds jridd 

Add salts. 

Double salts.. 

Two ethers. ^ 



Monabasic acids yiekl 

No add salts. 
/ No double salts. 

One ethar. 



* Lei ctrbomtet Mai m ne Mat pM Ubuiqttes, ind^ptndttnmcat de tosiM 
Im id^ qM now poavont noot fenncr mt la JqaivaleiiCi, la folima ov la 
•lOTNt. Or Boas fCffoas teat A IVaia qae k moate da folaaws noat a 
coadaiC A aat coa ilq a e B Ct Jaitt, cC qae la cuboaata pooMcat tons la 
jpmaelh« dM Mb b i bw i y M. Aaa. CMm. Vtf.^ it^d^ il^ tSS; 
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Lament was aware of exceptions to these raks He 
knew that acetic and hydroflttoric adds yidd add salts^ and 
that the tendency to the f onnation of dooble salts is wdl- 
marked in hydrocyanic and hydnodic adds. Tims tibe 
existence of hydrc^^en potassium fluoride sbodd have led 
Laurent to regard hydrofluoric add as H^F^ of potaashtm 
meicuric iodide to regard hydriodic add as YLJL^ of potas- 
sium silver cyanide, to regard hydrocyanic add as VLJCJ^^ 
Also^ the existence of potassium tetn»calate sbodd have led 
Laurent to formulate oxalic add as YiJZJ^^ Inasmuch as 
in all these cases Laurent adhered to the formulae HF, HI» 
HCN, HaCa04, one may su^)ect that he did not pay modi 
heed to evidence that was at variance with the con^bquenoes 
of Avogadro's hypothesis.^ 

Finally, I have to consider Gerhardt's belief in "pmety 
chemical" reactions His particular conviction is^ that 
chemical reactions are essentially double decompositioiis 
The term he defines thus: — " The chemical reactions . . . 
in which two substances, by redprocal decomposition, pio- 
duce two other substances, are known by the name of doutU 
decompositions*^ ' As to their importance, he says^ " This 
kind of reaction is by far the most frequent in chemistry." • 
Moreover, Gerhardt makes out that many reactions are double 
decompositions, in spite of appearances to the contrary. 

In the B.A address, Dif ers' main contention is a revival 
of Gerhardt's conviction In Chapter VIL of this essay, I 
have pointed out that chemical reactions generally are now 
supposed to be uni- or poly- molecular, not bimolecular as 
the dogma of double decomposition demands 

Resuming the discussion here, I would point out that the 
section of Gerhardt's "Traits " in wluch certain reactions 
against all appearances are explained as double decomposi- 
tions is really, as it seems now,* an arsenal of i^^nrrt 
against his doctrine. 



* To nitric oxide Lament did gi?e tlie lonDvla N,Ot» as a 
the ** purely cbenical'' method. (▼. Chemicel Method, p. 83). 

* " Les r^M^tioot chiniqoes . • • oft deaz oofpi, par lev 
r^dpfoque, prodvlaeBt deax aatict eorpi, toot eooma 80« le worn dt 
diemnpuitimt." Trait^ *» S^T* 

'"Gattefetmedes r^Ktioot'cat de he a acon p k plat fr^fwate ca 
Trait^ «, |7a 
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Geriiardt gives the reaction: — 

c,H«+a«-c«H,a,. 

Remaiking that the new substance can yield three molediles 
of hydrochloric acid, he says: — ^ Thus it is evident that two 
substances may effect between them a double decomposition, 
even when but one product is got containing the sum of the : 
elements introduced on either side; only then the products 
of the double decomposition, instead of separating, remain 
combined."/ 

It is at the same time perfectly obvious, that addition- 
reactions as such, are iiol double decompositions. A special 
case of addition is the formation of a polymer, and here again, 
there is no double decomposition. 

Lastly, I may recall Divers' attitude, already scrutinised 
in Chapter VL of this essay, as to the molecule of the metals. 
"It seems impossible from the chemical point of view, to 
admit that the chemical molecule of sodium and mercury is . 
not bipartite like that of hydrogen and oxygen." Gerhardt 
and Laurent's views itbout the molecules of the metals were 
much the same as Divers'. They thought that themolecules ' 
of sodium, mercury, and zinc were " bipartite." 

For certain reactions in which mercury and zinc play a 
part, Gerhardt gives equations wliich make out that the . * 
reactions are double decompositions. One reaction is the 
decomposition of mercuric cyanide by heat The equations 



sHgCN-C.Nt + Hgt. (Hg-ioo). 

The other reaction is that between hydrochloric acid and zinc 
The reaction taking place in two stages, there are two 
equations: — ._^ 

Zoy + HQ -2011+200. (Zo-37-5). 

ZdH + HQ - ZnQ + H,. 

It is apparently to these and suchlike equations that Divers 

commits himself. 

• . • * 

* *'()• voit aiari qoe dcoz eofpt pevvcat op6«r 4»a» kw leiii «m dimbl* 
d fa w ji o riU oB, kn «Hm ^'ob a^oblknl pit q«*aa tcnl produit, lenfcnMat 
k toMM dcs Mbmis ab «i prtewt de part cC d'aatic i MikncBt alon 
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CHAPTER XIll 
THE CHEMICAL SYSTEM OF CANNIZZARO. 

Tks strtt^k tf 9ny fmrty lit im itt Uing If"^ ^ ^^ /itfuj. CmsuHtrnQr 

In order to understand the reform in chemistry of which 
Cannizzaro was the author, it is necessary to arrive first at 
some conception of the state of things in 1858, the year of 
Cannizzaro's suggestions. Chemistiry was then in extreme 
confusioa There were three important systems in use^ and* 
in addition, modifications of these, and compromises between 
them. 

Inorganic chemistry was confused About the classifica- 
tion of the metals there had been agreement for a time. The 
influence of Berzelius was powerful here; he had classified 
the oxides, and put the oxides in series with formulae to 
correspond.^ Gmelin and Gerhardt and Laurent all accepted 
this classificatioa In assigning the general formula RO to 
the chief metallic oxides, BerzeUus was followed by Gmeliii, 
but Gerhardt and Laurent took their own way, in giving 
the formula R^O. As if this difference were not enough, 
Regnault proposed a departure from the classification of Ber- 
zelius; he assigned the formula. RO to some metallic oxides» 
and to others R^O. This he did x>n the basis of his specific 
heat work, accepting Dulong and Petit's law.^ It becomes 
necessary, therefore, to consider the standing of this law in 
the systems of Berzelius, Gmelin, and Gerhardt and Laurent. 

Dulong and Petit's forecast of 1819, that the atomic heats 
of the different elements are equal, was accepted by chemists 
with much reserve. In 1826, exceptions to the law being 
known, Berzehus gave only a qualified assent to it On 
reinvestigation of the specific heats, some of these exceptions 
were removed, and others appeared. About 1850^ accord- 
ing to Berzelius' system, the chief known exceptions to the 
law were silver, sodium, potassium, bismuth, caibon» and 
bromine. 

' See chapter k.» p. 73. . 

* He nppoctcd kit propoMb alia bjr fderene*, to 
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Between 1819 and 1850^ the tendency of chemical specu- 
lation was not such as to establish Du£>ng and Petit's law. It 
is true that in Berzelius' system the exceptions were c6m- . 
parativdy few, but Regnault's proposal to make them fewer, 
by regaiding the oxides of sodium, potassium, and silver as 
. R9O generally, instead of RO, did not meet with wide 
iqpprovaL Besides, Berzelius' system was no longer in the 
ascendent Gmelin's ^rstem came into vogue, and then 
Gerhardt and Laurent's. In these systems the exceptions 
to Dulong and Petit's law are nK>re numerous than in Ber- 
lelius*. In Gmelin's system they are: — silver, sodium, 
potassium, gold, carbon, bromine, iodine, phosphorus, arsenic, 
and antimony; 6*4 being the atomic heat of most of the 
elements, that of the exceptions was, in nearly all cases* about 
I2'8. In Gerhardt and Laurent's system, the exceptions 
were the same as in Gmelin's, with the addition of sulphur ; 
the bulk of the elements had the atomic heat 3*2, the excep- 
tions 6*4 mostly. 

About 1858, if ;the iystem of Gerhardt and Laurent was in 
the ascendent, the systems of Gmelin, Berzelius, and Reg- 
nault ^ had yet their adherents. 

In organic chemistry the confusion was yet greater. Ger- 
hardt and Laurent's ideas, at first despised, came more and ^ 
more into vogue. The movement which they began was 
powerfully supported by the work and the influence of 
Williamson, Odling, Brodie, Hofmann, Frankland, and Wurtz. 
Yet in 1854, Gmelin's system was still so widely used that- 
Gerhardt, in order to spread his ideas, expressed them in the 
* Traits de Chimie Organique " in terms of Gmelin's atomic 
weights and formulae. . ^ 

So many different systems involved a multiplicity of 

formuke; for water, at least five were in use — ^HO, H^O, 

K 
iiO, HaO» ttOs. (The last two formulae arise in attempts 

at compromise between Gerhardt and Laurent's uleas, and 
those of Berzelius^ and of Gmelia) For a substance such as 



* RcgRMdt did wA anf oat Ut oim w^gealdtm, lo the Conn Eteeotaiit 
d» QJUUt pd •Lt 1851, for the Mlali, Indadim iQvti^ potaafann ud •odio^ 
iMgtfwthenM 
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acetic acid as to the constitution of whicfa there were ooo- 
siderable differences of opinion, there were fonnabe m 
bewildering profiisioa 

Besides, the same formula meant different substances to 
the chemist, according to the school to which he bdonged. 
HaOa might mean water or hydrogen peroxide ; CaH^, maish 
gas or ethylene ; C4H4O4, acetic acid or fumaric add; CaQ 
was cuprous or cupric chloride.^ 

Such in organic and inorganic chembtry was the state of 
confusion which was di^)elled by the suggestions of Can* 
nizzaro. In Tilden's " Short History,** * mention is made but 
once of Cannizzarob and that b in connection with Dukm^ 
and Petit's law. If he did no more than arrive at atomic 
weights on the basis of Dulong and Petit's law, he was antici- 
pated there by Dulong and Petit Nevertheless^ Cannizzaio's 
work has other and more important aspects than the one 
mentioned by Tilden. 

His work, roughly speaking, is complementary to Gerhazdt 
and Laurent's; on the basis of Avogadro's hypothesis he 
systematised inorganic chemistry. Gerhardt and Laurent 
were far more successful in organic than in inorganic 
chemistiry. What these chemists seem to have n^;]ected, 
Cannizzaro took up ; he studied the data that since the time 
of Dumas had been acaimulating as to the vapour density of 
inorganic substances. Applying Avogadro's hypothesis^ 
Cannizzaro determined the molecular weights of many 
inorganic substances. 

Like Gerhardt and Laurent, Caimizzaro considered mole- 
cules first and atoms afterwards. The meaning of the atom 
he explains as follows : — ^ The different amounts of one and 
the same element contained in different molecules are aU of 
them whole multiples of a certain quantity, which, since it is 
always found undivided in compounds^ is rightly denoted an 
atom." * This is surely a very significant utterance^ first; as 
being a practical definition of the atom, second, because the 
atom is here defined, with reference to the molecule. In the 
systems of Berzelius and Gmelin, the atomic weight methods 
were pretty nu merous»,aiid (except for the vohmie t heo«y, 

> KfaMiiMi^ ao^ 57. tp. 75. • xbiriiMr, an mT" 
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which proved doubtful after all) there was no primary or 
principal one Canniizaro arrives first at the molecular 
weight of inorganic compounds* and thence at the atomic, 
weights of their constituents. For the first time, the atomic 
weights of such different elements for example, as sulphur, 
carbon, iodine, arsenic, tin, mercury, boron, and silicon, were 
determined from a single point of view. 

As to the classification of metallic compounds, Cannizzaro 
followed Berzelius, but not completely. The difference arises 
through Cannizzaro's classifying with mercurous and cuprous ^ 
chlorides the chlorides of silver, potassium, sodium, and 
lithium. To these, having satisfied himself that mercuric 
chloride was HgOt and mercurous chloride HgCl, he gave, 
the general formula RCl To cupric, zinc, lead, calcium, 
stannous and platinous chlorides, which he classified along 
with mercuric chloride, he gave the general formula RQa. 
Accordingly, Cannizzaro was able to ascertain the^ atomic 
weights of many of the metals. 

As a matter of history, Diilong and Petit's law did not 
recommend itself to chemists, not even to Cannizzaro ; his 
attitude towards the law was not one of mere acquiescence. 
By applying Avogadro's hypothesis, he had determined the . 
atomic weights of the non-metals and of mercury, zinc, and 
tin. By classification, he arrived at the atomic weights of ; 
other metals. Simultaneously, he tried if these atomic 
weights fell in with Dulong and Petit's law, and found that 
they did Forthwith, Cannizzaro put his trust in Dulong and^ 
Petit's law in order to arrive at atomic weights* in cases where . 
no other evidence was available. 

Lastly, Cannizzaro instituted a reform with respect to 
the molecular formulae of the elements. He regarded -the 
molecule of the element as polyatomic in general — a great . 
advance on all previously accepted teaching about the 
elements. Gay-Lussac's law, along with Avogadro's hypo- 
thesis* leads inevitably to the doctrine that the molecule of 
the elements is polyatomic . This proved a stumbling block 
to everybody before Cannizzara Dalton simply rejected 
both hypothesis and law. Dumas had arrived at mudi the 
same views as Cannizzaro^ but withdrew from his views, m 
the face of opposition. Gerhardt and Laurent, having 
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arrived at the true molecular weight, 300 for mercury, pot a 
forced construction on this. They maintained that the mole- 
cule of the dement was in general biatomic Hence the 
mercury molecule was Hg,i and the atomic weight of metcuiy 
loa Cannizzaro accepting the experimental facts^ simply 
interpreted them as usual so as to arrive at the molecniar 
and atomic weights of the elements. Accordingly, he was 
able to ejcplain data that had been lying unexplained since 
the day of Dumas. He formulated die oxygen nxdecnle as 
Os. that of sulphur as S^ of phosphorus as P^^ of mercury 
as Hg. 

At a congress of chemists, held at Carlsruhe in 1860^ in 
order to take into consideration, and if possible to remedy, 
the confusion then reigning in chemistry, Cannizzaro's ideas^ 
first published in 1858, were made widely known. The effect 
was unique ; the old systems, variations and all, melted away. 
Odling, in 1864, remarked on the unanimity of belief among 
English chemists as to atomic weights. "After the great 
. . . antagonism of opinion whkh has existed fmr the last 
dozen years or so, I . . . notice the substantial agreement 
among English chemists as to the combining proportions of 
the elementaiy bodies, and the molecular wei^^ts of their 
. . . compounds. The unanimity is . . . greater 
than has ever been the case since Dalton published his ' New 
System of Chemical Philosophy/ " ^ 

What was the secret of the readiness of chemists almost 
everywhere, to follow Cannizzaro's suggestion, and accept the 
guidance of Avogadro's hypothesis throughout chemistry? 
^ Had not Gerhardt and Laurent proposed the same thing; and 
had not their proposals been received by chemists with much 
hesitation and even opposition? Gmelin's system was still 
in wide use in 1854-6, while Gerhardt was publishing the 
"Trait^" Why dki chemists stubbornly persist in refusing 
to accept the guidance of Avogadro's hypothesis in oiganic 
chemistiy? What advance had Cannizzaro made oo Ger- 
hardt and Laurent? 

I suggest the fdlowing explanation. The moiveiiient 

>CN., 1^149- * 
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hegaxk by Geriiaxdt and Laurent had tended more and more . 
to the cultivation of purely chemical methods. The dis- 
coveries that we associate with the names of Williamson and 
Hof mann, for instance, show this. That Avogadro's hypo- 
thesisi or nothing, is the special basis of Gerhardt and 
Laurent's system, was what they failed to realise. ~ R^^arding 
it as a makeshift at best, they were willing that it. 
should fall into the background: they put their trust 
in "purely chemical** methods^ But the school of Ger- 
hardt and Laurent had no monopoly of "purely chemical",- 
methods. The truth is, that there never has been devised a 
system of chemistry, professing a knowledge of the relative 
size and constitution of molecules, and postulating that. 
" purely chemical " evidence is to be ignored Just as all 
politicians profess patriotism, the chemists of all - schook 
pfof ess " ctonical methods," and if these methods were self- 
sufficient, the history of chemistxy would abound less than it • 
does with systems. In fact, Cannizzaro's suggestions, and 
even Gerhaidt and Laurent's were long set aside by Kolbe, 
on the ground of adherence to " purely chemical " methods. 
Japp^ in the Kekul6 Memorial Lecture, has pointed'but that 
" until 1870 he [Kolbe] continued to use Gmelin's equivalents, 
instead of our present atomic weights.'' This arose from his ; 
** extraordinary power of expressing chemical reactions in ; 
terms of chemical constitution," which "was unfortunately 
coupled with an almost complete inability to realise the force 
of arguments drawn from physical laws." Nor did Kolbe__ 
express contrition for his adherence to the " stricdy chemical " : 
methodsL He "afterwards contended that 1^ mistaken ; 
adherence to the old equivalents had facilitated his discovery 
of the constitution of acids, aldehydes^ and ketones, and hb 
piognosis of secondary and tertiary alcohols." ^ 

"Strictly chemical'* methods are much more available 
for ofganic than for inorganic chemistry. There had there- 
fore been no prindj^e common to both branches of the 
sdenocb and Dumas even suggested that there were two 
• d en c es of chemistry, organic and inorganic* Cannizzaro 
fcf c rr e d both branches to one principle, and adhered to this 
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principle with complete assoranoe^ which in itself inspired 
confidence. He showed that Avogadio's hypothesis^ with 
which the organic chemistry of Gerhardt and Laurent was in 
accordance, was of immmse value in inorganic diemistry. 
Cannizzaro had uttered the right word The unification of 
chemistry was possible. Hence the emotioo of Lolhar 
Meyer, as his miixl grasped Cannizzaro's ideas: — ^ There fell 
as it were scales from my tyt% my doubts were diqpeDedL and 
in place of them there came a feeling of th^ calmest con- 
fidence. 

On the progress of chemistry Caimizzaro's tfaching bad 
an immediate and great effect ; it led up to the establishment 
on a sound basis of two great doctrines^ The periodic 
system, in its original f onn,^ was based on Cannizzaro's atomic 
wei^^tSb In 1866^ Newlands saidL "No rdation oould bo 
worked out of the atomic weights under any other system 
than that of Camuzzara" ' In r^;ard to the doctrine of 
valency, Frankland says that until Caimizzaro "had placed 
the atomic weights on their present consistent basis» the 
factory devdopment of the doctrine was inqMMsible.* ' 



> Ncwlacds* Law of OcteTOk 1(64. . "C N^ tt^ 113. 
' ExperincBtal RcMucke% pb l^ 



CHAPTER XIV. 

THE RELATIVE STANDING OF DALTON^ 
ATOMIC THEORY AND AVOGADRO^ 

HYPOTHESIS. 

> 

TVatfi it tk» $ttfy mtrit wkkk gha digmiiy amd tmtk f JUstfry.'^hOWSi AcTON. 

By way of oondusion, I shall attempt in this chapter to 
give an estimate of Dalton's services to chemistry, and in 
particular, to determine the relation between his theoiy of 
chenustiy and the modem one. 

First of all, it is only right to take into consideration the 
criticism which has already been passed upon Daltoa I 
wish to direct attention to certain claims which have been 
made on Dalton's behalf by Roscoe. 

Roscoe, in his life of Dalton, makes the following asser- 
tion : — " The law of the equal expansion of all gases for equal 
increments of temperature has been generally known on the 
Continent as " Gay-Lussac's " or " Charles' law," batought to 
be called " Dalton's law of expansion," as he first announced 
it and gave experimental evidence of its truth, and tb^. claims" 
of the Manchester philosopher are generally now allowed." ^ . 
Anyone, by looking at half-a-dozen modem books on 
physical chemistiy, can see for himself how far Dalton's 
claims are now allowed. Better, however, to consider the 
case on its meritSb ', 

Regarding the expansion of gases there are really two 
Stages of informatioa The first consists in the knowledge 
that all gases expand equally, the second, in a knowledge 
of the rate at which a gas expands at different temperatures 
Fct the first piece of knowledge, Gay-Lussac in his paper of 
m few months later than Dalton's^ gives the credit to Charles, 
as having discovered it fifteen years before.' 

As to the rate of gaseous expanskm at different tempera- 
turesi the truth is, that Dalton's experimental results are the 
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reverse of what -he expected, and that either way he was 
wrong. . This is partly discussed in Balfour Stewart's 
" Heat** " According ~ to Gay-Lussac, the augmentation 
which a gas receives when the temperature increases 
i^ is a certain fixed proportion of its initial volume 
at o^C; while, according to Dalton, a gas at any 
temperature increases in volume for a rise of i^ lyy a 
constant fraction of its volume at that temperature." * The 
dilatation of gases has since been investigated by Rudbei^ 
Dulong and Petit, Magnus, and R^;nault, and the result of 
their labours leaves little doubt that Gay-Lussac's method of 
expressing the law is much nearer the truth than Qalton's." ^ 

As reference to the original paper shows, Dalton did 
indeed expect that a quantity of gas would expand, when 
raised through equal intervab of temperature, more at a high 
than at a low temperature. Such was Dalton's anticipation 
on theoretical grounds. On experiment with air, hydrogen, 
oxygen, carbon dioxide, and nitric oxide, Dalton found the 
opposite of what he anticipated Starting at 55^ F. with 
1000 parts of air, the expansion between 55^ and \12^ was 
167, between 133^^ and 2ic^ only 158 parts.* 

Roscoe further makes the following assertions: — (i) 
Dalton's "great achievement was that he was the first to 
introduce the idea of quantity into chemistry." ' (2) " Dalton 
gave to the world the final and satisf actoiy proof of the great 
prindple, long surmised and often dwelt upon, that in every 
kind of chemical change no loss of matter occurs."* (3) 
" Dalton, by determining the relative weights of the atoms 
which take part in chemical change, proved that eveiy such 
change ... can be represented quantitatively by a 
chemical equatioa" ^ 

Among chemists the prevailing belief is^ that the credit of 
all these achievements is due to La:voisier. Mallet, iif the 
Stas Memorial Lecture, after referring to the work of van 
Helmont, Boyle, Boerhave, Black, and Cavendish, in connec- 
tion with the doctrine of the conservation of matter, says^ 
the doctrine "assumed its due importance^ and b^;an to 

> Btlfow Stewaft't Heat, ^ ed., 18S8, p. 63. 
^KltHiker, H 18-9. *IU»ooe^ ^ IS3* ! ^RoMOib P> 7* 
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receive universal recognition, with the constant app^ to the 
balance which Lavoisier made, and taught others to make." ^ 
So much for the first two assertions of Roscoe. As to the 
third, I need only give the references to the original papers, 
in order to establish Lavoisier's daims. An early attempt of 
Lavoisier's at a chemical equation will be found in a paper of 
date 1782.' He uses a chemical equation in a paper of date 
I78as FinaUy, in the "Traits deChimie," he says:— "For 
nothing is created, either in artificial operations or in nature, 
and, in principle, it may be said that, before and after every 
operation, there is an equal quantity of matter ; that the kind 
and amount of the elements (les prindpes) is the same, and 
that there occur only changes and modifications 

"On this prindple is based the whole art of chemical 
experiment ; one is bound to suppose always a real equality 
or equation between the dements (les prindpes) of the 
•ttbstance in question, and those whidi are got from it by 
analysis Thus, since must of grapes gives carbon dioxide 
and alcohol, it can say that must of grapes "• carbon dioxide 
-^alcohoL''^ 

The truth is that eulogy of Dalton is uttered at random, 
and has been carried to lengths far beyond the requirements 
<M science. 

In attempting to check these assertions of Roscoe, I am 
not» in any way, actuated by a wish to disparage Daltoa My 
object is to draw attention to the * extreme license of affirma- 
tion'' about Dalton that prevails among his eulogists. _.. In 
this way only, light can be thrown on the assertion that 
** Dalton's theory has stood the test of time,*" and such like. 

I have therefore given instances of injustice done to other 
men of sdence in what are supposed to be the interests of 

* J. C S., a» la * (Eavitt de LaToirier, 1^ 509^ ' CSano, IL 777* 

* \ • • cir lien m m crfe, nl daai let op^nUions de Tait, nl daai 
dUci de b wniun, cC I'on pent poier cs prindpe qae, dam toote op^fsdoo, 

II f a «M 4»le qwatit^ dt baU^ avaat cC aprib rop^ratioa 1 qoe la qoaliU 
cC la qnantit^ det p dnc lp c t ait la bIbm, cC qaH n^ a qoa det changeoicati, 
dM OMdifiGatioM. Ceit lar ca priadpe qa*ait iaM toat Tart det eipMeneet 
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Daltoa In the composite man of science, to whom Roscoe 
gives the name of Dalton, it is easy to discern the features 
of Charles, Gay-Lussac, and Lavobier. Plainly, the effect 
of all this is to obscure the individuali^ of Dalton, and in his « 
interests, therefore, to justify and ooake indispensable an 
impartial enquiiy into his merits. Under the drcumstanoeSk 
it is not to be wondered at if the result of such an enquiiy 
should be different from the customary estimate of Dahon. 

Dalton's contributions to chemical thinking may con- 
veniently be classified under the heads of law and theccy. 

The experimental basis of Dalton's system of chemistry is 
to be found in the three laws of chemical combination by /^ 
weight Two of these laws» that of multiple and redpiocal 
proportion, necessarily involve, and depend upon, the law of 
constant proportion. 

The law of constant proportion was a burning question 
about the beginning of the nineteenth century. Proust 
upheld the law against Berthollet At the present day 
it is recognised that in the contentions of Berthollet there ^ 
is much that is right What we perhaps ix)iw are 
slow to recognise is how much the sound element in ' 
Berthollet's doctrine sustained the unsound. It is often 
now supposed that chemists were satisfied by 1806, cer- 
tainly by 1808, that Berthollet was wrong and Proust right. 
Thus Clarke says: — ^^The memorable controversy between 
Proust and Berthollet had by this time [1808] exhausted its 
force, and nearly all chemists were satisfied that the law of 
definite or constant proportions must be true."^ On the 
contrary, I suspect that in 1808, and even kter, the currency 
of Berthollet's views was wider than Clarke thinks. Gay- 
Lussac in 1808 thought, with Berthollet, that the law of 
constant proportions held for gases» but, except in special 
cases» ix>t for liquids and solids. 

Gay-Lussac indeed maintains that compounds are formed 
in variable proportions^ unless these proportions are deter- 
mined by special circumstances. " We must first of all admi^ 
with M. Berthollet, that chemical action is exercised inde&- 
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nitdy in m ocmtinuotis manner between the molecules of 
substances^ whatever their number and ratio may be, and that 
' in general we can obtain compounds with veiy variable pro- 
portions^ But then we must admit at the same time that — 
'. apart from insolubility, cohesion, and elasticity, which tend to 
produce compounds in fixed proportions— chemical action b 
exerted more powerfully when the elements are in simple 
ratios or in multiple proportions among themselves, and that 
compounds are thus produced which separate out more 
easily." » 

Dalton made a great advance by his method of expressing 
the composition of matter. The way had been to give the 
composition of lOO parts. Dalton's way is to give the 
composition of two compounds of the same elements with 
ttgatd to a certain amount of one of the elements. This at 
once brought to light the law of multiple proportions^ Dalton's 
great discovery. Further,, the composition of numerous sub- 
stances being expressed in this way, the law of reciprocal pro- 
portions was revealed. 

As to the law of constant proportion, such was the bent 
of Dalton's mind that in all likelihood he never felt a moment's 
doubt of its truth. In securing ^recognition of the law, his 
influence was of much avail The prosperity of his doctrine 
of multiple proportion carried with it full recognition of the 
law of constant proportioa 

Dalton's service to chemical theory is^ that in roviving the 
atomic theory, he gave an immense impulse to aocmrate 
thinking in terms of atoms and molecules. In terms of atoms 
he explained chemical and physical phenomena, and in par- 
ticular, expressed the law of conservation of matter. He 
said, the weight of a compound atom is equal to the' sum of 
the weights of the constituent atoms. 

Dalton's speculations proved a great stimulus to scientific 
thought Avogadro was familiar with the exposition of 
Dalton's ideas in Thomson's "System of Chemistiy." In 
Avogadro's paper of 1811, Dalton is mentioned again and 
agaia' 

Dalton inaugurated the epoch in chemistry of the gravi- 
1/ metric composition of matter. By the particular form which 
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he imprested on the atomic theory, he aooomited for tiie laivs 
of oombinatioo in mnhiple and redpcocal p ropoc ti oa Inas- 
much as at the same time he rejected Gay-Lnssacfs law, the 
condusion seems ineritable^ that Dalton's atomic theoiy was 
a gr avim e tri c, and not a volnmetric theory of matter I 
have already pointed out how unfortunate were BerxdiaaT 
attempts to explain the co m po s ition of matter by vohune. 
Gmelin's system of chemistry was not influmnfd by Gay- 
Lussac's law, and, so far, was true to the originaL 

A fair test of a scientific idea is, does it, on the long ran, 
among the men of science who adopt it, lead to something 
approaching unanimity, and particularly in r^;ard to quanti- 
tative matters? 

The real test of any particular form of the atomic tbeofy 
is, does it lend itself to the measurement of atoms? The 
idea of atoms was not due to Daltoa What he origi- y 
nated was a persistent attempt to arrive at atomic wei^t& 
This was one of the main objects of the New System of 
Chemical Philosophy. * Now it is one greaf object of this 
work, to show the importance and advantage of ascertainii^ 
ike relative weights of the ulti m a t e particleSf both ofsimpU mnd 
compound bodies^ the number of simple elementary partieles wkick 
constitute one compound partide^ and the number of less eompa§md 
particles which enter into the formaHon of one more con^otend 
parHcleT * 

The truth is^ that in the fcnrm which Dalton gave to the 
atomic theoiy, there never was any certainty about atoms and 
atomic weights. From the very outset almost^ Davy and 
Wollaston detected this flaw in the thecnry. Atomic weights 
were decided according to a set of arbitrary rules, any one of ^ 
which, moreover, might at any moment be abandoned In 
the attempt to determine atomic weights, Dalton failed, on his 
own confession. " The second object of the atomic theory, 
namely, that of investigating the number of atoms in ^e 
respective compounds, appears to me to have been little 
understood, even by some who have undertaken to ex poun d 
the principles of the theory. ... It is necessary not only 
to consider the combinations of A with B^ but also those of A 
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with Q D, £, etc, as well as those of B with C, D, E, etc, 
before we can have good reason to be satisfied with our deter- 
minations as to the number of atoms which enter into the 
various compounds. Elements formed of azote and oxygen 
appear to contain portions of oxygen, as the numbers i, 2, 
3» 4, 5 successively, so as to make it highly improbable that 
the combinations can be effected in any other than one of two 
ways. But in deciding which of these two we ought to adopt, 
we have to examine not only the compositions and decom- 
positions of the several compounds of these two elements^ but 
also compounds which each of them forms with other bodies. 
I have spent much time and labour upon these compounds^ 
and upon others of the primary elements^ carbon, hydrogen, 
oxygen, and azote, which appear to me to be of the greatest 
importance in the atomic system ; but it will be seen that I 
am not satisfied on this head, either by my own labour or that 
of others* chiefly through the want of an accurate knowledge 
of combining proportions." ^ 

If Dalton's mis^vings as to the past were justified, his 
hopes for the future were not The systems of BerzeUus and 
Gmelin bring the objections of Davy and Wollaston to a 
head Dalton's theory, by its very nature, was always being 
confronted with dilemmas which* it could never meet but in 
an arbitrary way. The systems of Berzehus and Gmelin 
abound wiUi instances where "it is highly improbable that 
combination can be effected in any other than one of two 
ways.** Which of these two ways was right, was always 
more than the theory could telL 

Those who maintain that Dalton's conception of the atom 
is not outworn, but is still with us» have much to answer for. 
When Thorpe says that "the characteristic feature of the 
chemistry of our time is» in a word, the development and- 
elaboration of Dalton's doctrine," it is ;i^ palpable omission 
that Thorpe fthould not define precisely what he understands 
by * Dalton's doctrine." There are four great systems of 
chemistry— -Benelius', Gmelin's* Gerhardt and Laurent's^ and 
Camiizzaro'a. If Dalton's atom is indeed " the central, 
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dominant conception " of these four systems* the conoeptioa 
must have been a veiy futile one; it leads to complete 
uncertainty about atomic weights. 

The differences between the four systems are of m remark- 
able kind. The atom of oxygen being i6b that of hydrogen, 
according to Gmelin, is 2, and according to Cannizzaro i. 
Hence Gmelin might say that Cannizzaro had ^t the atom 
of hydrogea The " characteristic feature * of chemistry up 
to i860 is» one may say, that chemists were continually ^ilit- 
ting one another's atoms. 

As to the modem system, it differs from Dalton's in being 
concerned with the composition of matter by volume, and ^ 
with this in the first place. Gay-Lussac's law and Avogadro's 
hypothesis are the foundation of chemical theory. 

Not content with the fact that Dalton discovered the law 
of combination in multiple proportions, that he gave a great 
impulse to the chemical theory of the nineteenth century, and 
that his conception of the atom dominated nearly fiffy years 
of chemical work, Dalton's eulogists must needs insist that his 
ideas are still adhered to, in a system of chemistry dominated 
by a hypothesis to which Dalton was opposed. 

Attention must therefore be directed to another instance 
of Roscoe's loose assertions to the supposed credit of DaltorL 
" He first explained the facts of chemical combination by a 
ikeory which has stood the test of time, aixl is not ccmtra- 
dieted by any known phenomenon of chemical actioa" ^ 

As to Dalton's having " first explained the facts of chemical 
combination," the truth is, that he explained only part of the 
rfacts. Not believing in Gay Lussac's law, Dalton did not 
seek to explain it, unless in the sense of explaining it away. 

As to Dalton's theory having " stood the test of time,** I 
can only repeat what has been said in this essay already, that 
Dalton's theory is incompatible with Avogadro's hypoUiests^ 
and that Avogadro's hypothesis is the basis of the current 
theory of chemistry. 

Again, Dalton's theory aixl the modem one differ in their 
ways of expressing the gravimetric oompositkm of matter. 
When two substances have the same element in common, 
there are three ways of expressing their compositioo. The 
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first way is that of percentage composition. The second way 
is Dalton's^ by reference to a certain amount of the element 
in question. The third and modem way, on which much 
emphasis was put by Cannizzaro, i^ by reference to the mole- 
culaur weights of the substances. Dalton's way is a great 
advance on the first, and Cannizzaro's is as great an advance 
on Dalton's. 

If, the further fiom Dalton, the nearer to his teaching, 
then Cannizzaro's atom, the modem atom, may be the 
Daltonian atom. This is the belief of Ostwald, and 
presumably of Thorpe. Divers can only maintain that 
' "Dalton's atom is the modem molecule confused with 
the idea of the atom." The other view is just as 
tenable, that his atom is the modem atom, confused with 
the idea of the molecule. Neither of these views^ surely, is 
the "best possible construction" that can be put on the 
Daltonian atom. In the place of these unfortunate attempts 
to confuse it with this and that conception of modem 
chemistry, I have* suggested in Chapter IX. of this essay that 
Dalton's atom, incompatible, as Dalton saw, with Avogadro's 
hypothesis^ was a unique conception, which reigned supreme 
during the epoch of gravimetric chemistry, and which was, 
from its very nature, abandoned when Avogadro's hypothesis 
was adopted 

The atom, in the modem theoiy of chemistry, is a 
"dependency of the molecule." This doctrine I have illus- 
trated in the first part of this essay, and Divers maintains it 
for his special theoiy " divested of all reference to the physical 
constitution of matter." The old order is to consider atoms 
first and then molecules (compound atoms). The Daltonian 
method is to arrive straightway at atomic weights on the 
basis of the laws of multiple and reciprocal proportions' The 
new order is to consider molecules, and then analyse molecules 
into atoms. " By the death of Hermann Kopp," says Thorpe, 
" the army of science lost one of its generals of division." 
Kopp in 1873, in Wdhler's "Grundriss der Unorgantschen 
Chemie," pp. 350-1, and indeed, so early as 1863, in his 
•• Theoretische Chemie," pp. 3S4-7f* adopted the order, 
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molecules before atoms, molecular weights before atomic 
weights. Accordingly, the consideration, in a chemical teart- 
book of the present day, of atoms before molecules is nothings 
but a survival from a chemical system long out of date. 

Avogadro's hypothesis being the fundamental hypothesis 
of chemistry, other doctrines concerning molecules and atoms 
are to be subordinated to it It is for this that Cannizzaro 
pleads in the Faraday Memorial Lecture. " We must explain 
and legitimise the different auxiliary criteria (specific heat, 
isomorphism, chemical analogy) to which we have recourse, 
by first trying them on the touchstone of the 
theory of Avogadro and Clausius."^ The .method of many 
text-bookSk of constructing a system of chemistry like'a piece 
of patchwork, of giving molecular weight and atomic weight 
methods, as if they had no coherence with one another, or 
with the definitions of the molecule and the atom, merely 
recalls the epoch of Gmelin aixl Berzelius, whose systems 
were built up on a cluster of independent aixl often conflict- * 
ing principles. 

Finally, the modem theory draws a distinction between 
the molecule and the atom of an element, which is absolutely 
foreign to the Daltonian theory. 

Avogadro himself, it would seem, thought he had made 
an advance on Dalton's theory, an advance which was yet 
compatible with the original theory. He says, "There are 
many points of agreement between our ^ledal results and 
those of Dalton, although we set out from a general principle, 
and Dalton has only been guided by considerations of deUiL 
This agreement is an argument in favour of our hypothesis, 
which is at bottom merely Dalton's system iiimished with a 
new means of precision hom the connection we have found 
between it and the general fact established by 111 Gay- 
Lussac"** 

In writing this^ Avogadro had evidently no foreboding of 
how long his ideas would be despised and rejected by \ 
chemists. Actually, not for thirty years, that is, not ^ the I 
.^day of Geriiardt and Laurent, did chemistry take the trend I 
of thought which Avogadro suggested The differeooe \ 
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between Dalton's system and Avogadro's was no trifle to the 
diemists who felt most the influence of Daltoa 

** Oh, the little more and how much it is, 
And the little less, and what worids away." 

When, about iSay, Dumas found himself constrained to 
tegand the " atoms " of the elements as divisible, Berzelius 
was testy with him. " It is absurd to assume fractions of 
mtoms^ and it was formerly the custom to abandon hypotheses 
as soon as they led to absurdity." ^ 

Once known, Dalton's idea came straightway into currency 
in chemistry, and reigned supreme in the system of Berzelius 
and then of Gmelin, in spite of attempts by Avogadro^ by 
Amp^ by Dumas, and by Prout to introduce the ideas of 
• the molecule and the atom. At length, Gerhardt and Laurent 
fonnulated again the distinction between the molecule and 
the atom ; from that time Dalton's atom steadily lost vogue. 
Accordingly, Ostwald's view, that the modem atomic hypo- 
thesis is the atomiq theory of Dalton, and Divers', that Dalton's 
atom is the modem molecule, are equally tenable and equally 
untenable. Ostwald is simply emphasising .tlie aspect of 
Dalton's atom that Divers neglects; the aspect of Dalton's 
atom that Ostwald ignores, Divc^rs emphasises. 

Finally, by way of a summary of the argument, I propose 
' «to consider Ostwald's views, already given in Chapter VII., 
that modem chemistry is a product of the molecular hypothesis 
and the atomic hypothesis, and that the molecular hypothesis 
** has played a similar, though not so important a psirt in the 
development of the science as the atomic hypothesis^" 

An this involves the assumption that the molecular and 
atomic hypotheses are conceptions independent of one another 
-—a veiy questionable assumptioa The atom can be defined 
' /with reference to the molecule; it is doubtful if any other 
definition is su£^ent The atomic weights of the non-metals 
. can all be determined by reference to the molecular weights 
of their compounds ; that these atomic weights can be deter- 
mined with certainty, apart hom molecular wei^^ts, has yet 
to be ptoved 
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On the historical question, Ostwald's view is not justified 
by the facts of chemical history. On the one hand, apart 
from Avogadro's hypothesis^ chemists never have been able 
to agree about atomic weights. On the other hand, the 
recognition of this hypothesis by chemists has always led 
to great advances in chemistiy. In organic chemistry, the 
advances associated with the school of Gerhaidt and Laurent, 
ostensibly based on "purely chemical ** methods^ are truly 
based on the hypothesis. Again, neglect of the hypothesis, 
coupled with adherence to the atomic hypothesis, led, by i86c\ 
to a state of extreme confusion in chemistry. On the reasser- 
tion of Avogadro's hypothesis by Cannizzaro this co^usion 
was dispelled, almost as if by magic In recent years^ the 
molecular hypothesis has been of the utmost service in 
physical chemistiy. I should not venture to assert the value 
•of Avogadro's hypothesis in the development of physical 
chemistry, apparently in opposition to Ostwald, were I not 
able to support my position by a reference to the 'authority of 
Nemst " It continually became clearer to me that, in the 
theoretical treatment of chemical processes^ the 

most important foundations are " the doctrine of energy and 
" the rule of Avogadro, which seems to be an almost inexhaust* 
iUe ' horn of plenty ' for th^^molecular theory.* ^ 
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